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Statement of Disclaimer
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course requirements. Acceptance does not imply technical accuracy or reliability. Any use of information
in this report is done at the risk of the user. These risks may include catastrophic failure of the device or
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its staff cannot be held liable for any use or misuse of the project.
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Executive Summary
This document comprises the steps taken by the senior project team to create a Proof-of-Concept Review
for a Variable Pulsed Electric Field Ablation Catheter. First, the team did a significant amount of
background research on related literature to better understand the current status of the project topic.
After sufficient background information was obtained, project objectives and deliverables were finalized.
Once customer requirements and the indications for use were completed, engineering specifications for
the product and project were documented. All key customer requirements and engineering specs were
related to the variable pulse functionality, maneuverability, as well as overall dimensioning of the final
design. Before project development truly began, the project management timeline and budget were
created to keep the project team accountable and on-schedule throughout the project term. The official
design and development process began with generation of preliminary concepts that were analyzed via a
morphology and Pugh Chart analysis. Once final design decisions were made, CAD and simulation
development commenced and continued throughout the remainder of the project term. In addition to a
final CAD model and proof-of-concept simulation, the project team also provided manufacturing
recommendations for future groups who attempt to continue this project in the future. Overall, this proofof-concept document includes details about a pulsed electric field (PEF) ablation catheter that utilize
electric waves to provide simultaneous delivery of variable electrical pulses to the heart tissue. Data and
measurements taken from both a COMSOL simulation and SolidWorks model demonstrate that a complex
PEF ablation catheter, such as the one presented in this document, is feasible in a clinical setting.
Specifically, the catheter designed would be able to fit within human cardiovasculature while still having
the ability to deliver selective variable pulses capable of ablation 2-4mm into surrounding heart tissue.
The information provided in this proof-of-concept can be used by future groups to both manufacture an
actual physical prototype as well as continue to augment the PEF COMSOL simulation presented.
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Introduction
Cardiac ablation is a very common procedure in the world of cardiac rhythm management. With the
overarching goal of correcting heart rhythm problems, such as atrial flutter and ventricular tachycardia,
cardiac ablation works by destroying or scarring heart tissue that is responsible for causing abnormal heart
rhythms. The procedure is typically done by inserting a long, flexible catheter through the femoral vein
and threading it to the heart to deliver thermal energy.1 That being said, the use of thermal energy for
this type of procedure has drawbacks, which is where this senior project becomes relevant. The Pulsed
Electrical Field Ablation Modulation senior project required that project team members work to come up
with an alternate, non-thermally active catheter that delivers an adequate amount of energy to allow for
adequate ablation of heart tissue. In addition, it was the project team’s responsibility to determine the
feasibility of and create a proof of concept for producing variable electrical pulses through a cardiac
ablation catheter. The stakeholder and sponsor for this project was local physician and
electrophysiologist, Dr. Christopher Porterfield.

Background
Also known as radiofrequency ablation or catheter ablation, this procedure involves the guiding of a
catheter into a patient's heart with the goal of destroying small areas of arrhythmia-causing tissue.2 While
this procedure is usually successful, the indiscriminate thermal energy delivery from the current
radiofrequency or cryogenic catheters can cause significant collateral damage to the areas surrounding
the heart. Radiofrequency ablation has a complication rate of 5%, with deaths occurring in 1/1000
patients. Major complications of this type of ablation include pulmonary vein stenosis, phrenic nerve
injury, or esophagus damage, all of which are caused by the excessive amount of heat applied nearby.3
Therefore, there is a need for a more efficient and selective way to perform cardiac ablations.
Pulsed Electric Field (PEF) Ablation, or Irreversible Electroporation (IRE) Ablation, is a hot topic in
the development of cardiac ablation technology. PEF is thought to potentially solve most of the issues
present in radiofrequency and cryogenic ablation. During PEF ablation, a catheter with a series of
electrodes at the tip delivers high-voltage, nanosecond pulses of electrical energy to the heart. This
application of electrical field energy produces tiny pores in cell membranes that comprise heart tissue.
Once enough energy is delivered, the pores grow large enough to induce a cascade of reactions leading
to cell death, as seen in Figure 1. The benefit of this technology is its selectiveness, as each type of cell has
a different energy threshold before irreversible electroporation occurs. The myocardium happens to have
the lowest energy threshold, 400 V/cm, when compared to all other cell types. This allows physicians to
deliver the correct amount of energy to ablate the target tissue while leaving the surrounding tissues
undamaged and intact.4

Figure 1. Illustration of Irreversible Electroporation.
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Currently, there are no catheter devices on the market capable of performing PEF ablations; however,
there are a handful currently undergoing clinical trials. Farapulse Inc. has a suite of PEF ablation catheters
designed for specific types of ablation procedures. The Affera Inc. catheter system has a large balloonlattice tip that can switch between RF and PEF ablation types. This allows for doctors with more experience
with RF ablations to switch modes when performing ablation on more complicated lesions.5 Interestingly,
none of these catheters on the market are capable of simultaneously delivering multiple electrical
waveforms to the heart, therefore one key focus of this project was to implement variable electrical pulses
into the final system design.
There are many challenges to designing a complete variable PEF ablation catheter system. First, a power
generator system capable of delivering voltages between 700-3000V with nanosecond pulses must be
created. Second, a catheter tubing must be manufactured to 1) contain conductors capable of delivery
such energy, 2) have adequate insulation for said conductors 3) be structurally sound and supportive of a
guide wire, and 4) be able to fit within the venous track of the cardiovascular system. The third challenge
in creating such a system is manufacturing a catheter tip, which must be capable of selectively delivering
the pre-described amount of energy to either large or small areas of the heart. In addition to these key
challenges, the entire catheter system must also be easily controlled, maneuverable, and deployable
within a patient’s body.
As mentioned previously, PEF ablation systems are a hot topic within the field of cardiac rhythm
management and ablation procedures. Therefore, it is no surprise that a plethora of patents covering all
aspects of such a device are easily discoverable. Table 1 presents a summary of related patents, their
assignees, date assigned, and a brief description of their claims. Patents associated with this topic range
from focusing on the power generator design to the type of electrical energy delivered to the morphology
of the device. Some patents even focus on the software used to aid in PEF ablation procedures. This means
that it is likely that if the device presented in this report made it to the market, some patents would have
to be licensed from their current owners.
For example, “Ablation catheter and associated methods,” held by St. Jude Medical, discusses both
ablation catheter morphology and the electrical energy delivered. It is worded in a way to patent a form
of electrical energy that can be delivered to the catheter. Such forms include DC, AC, biphasic, or
monophasic waveforms over the desired ranges of voltages and pulse widths for this procedure. They also
listed off generic configurations for a catheter, and specifically mentioned a catheter with multiple arms
that can be either in a planar shape or parallel to the catheter shaft.6
Table I. Table of Patents
Patent Title
Systems and Methods
for Cardiac Tissue
Electroporation
Ablation

Systems, Apparatuses,
and Methods for
Delivery of Ablative
Energy to Tissue

Assignee
Medtronic, Inc.

Date Assigned
2008

Farapulse, Inc.

2019

Description
Describes a system for cardiac
electroporation ablation
composed of a power source and
electrode that delivers biphasic
pulses between 200-700 Volts
over 50-200 us.
Describes a pulse generator and
electrode system that can deliver
pulses, analyze the response, and
then deliver another set of
pulses.
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Systems and Methods
for Electrically Ablating
Tissue of A Patient

AngioDynamics, Inc

2020

Systems, Devices, and
Methods for Focal
Ablation

Farapulse, Inc

2018

Enhanced
Electroporation of
Cardiac Tissue

Medtronic CryoCath
LP

2017

Describes a system composed of
a memory, processor, display,
and some electrode. The
computing system computes the
treatment region based on the
positions of the electrodes.
Describes a catheter tip
composed of different splines
with numerous electrodes on
them. The splines can be in a
balloon or flower configuration.
Describes an ablation system
composed of an electroporation
system that delivers a series of
voltages at various voltages. This
device also includes a
radiofrequency ablation system
to aid in the procedure.

Objectives
With over two million cases of atrial fibrillation and up to 450,000 deaths from various ventricular
arrhythmias in the United States per year, ablation therapy continues to play a major role in cardiac
rhythm management. Unfortunately, the current tooling used for cardiac ablation comes with limitations,
with the most influential being the lack of selectivity of the catheter. Due to this limitation, procedure
times are lengthened, collateral damage risk is increased, and long-term durability of the treatment is
reduced. Therefore, it was the responsibility of the project team members to deliver a proof of concept
for a catheter that provides variable pulsed electric field ablation modulation.
The Indications for Use of the project team’s proof of concept deliverable was:
“The Variable Pulsed Electric Field Ablation Catheter (VPEFAC) is indicated for use in the treatment of
patients with cardiac arrhythmia that are unresponsive to medication. The VPEFAC utilizes multi-phasic
electrical pulses to treat arrhythmias by selectively ablating abnormal cardiac tissue, which decreases
procedure time and reduces risk of collateral heating damage.”
The objectives for this project included conducting extensive research on literature and catheter design,
determining feasibility, and designing an ablation catheter with the capability of simultaneously providing
variable electrical pulses to different areas of the heart. Through research, the project team was able to
fully understand how pulsed electric field (PEF) ablation works and how PEF catheters can be designed to
execute their jobs. Additionally, research was done on the type of electric fields that should be applied to
various types of tissue. With this information, the project team determined the feasibility of
simultaneously passing different and selective electrical currents through a single ablation catheter tube.
Because the objective for the project was a proof of concept, the scope of the project did not include the
creation of an actual functioning physical catheter. Instead, at the conclusion of the project term, project
team members provided 1) a design and manufacturing plan recommendations for a physical catheter
design, 2) a thorough COMSOL simulation of the electrical feasibility and functionality of their designed
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catheter, and 3) a programmed microcontroller and circuit prototype of the user interface functionality
for such a device.
To ensure that all customer wants and needs for this device were considered, the project team utilized
the Quality Function Development (QFD) method. The eventual output of the QFD method was a House
of Quality and an engineering specifications matrix. The House of Quality is a diagram that translates
customer requirements into measurable engineering specifications while simultaneously evaluating how
competitors currently satisfy the established customer requirements. An engineering specifications table
is a record that provides clear documentation of the construction, arrangement, and other engineeringrelated details of the final deliverable.
The QFD method involved seven key steps: 1) identify the customers (Who), 2) determine the customer
requirements (Whats), 3) weighting the customer requirements (Who vs. What), 4) benchmarking the
competition, 5) filling in engineering specifications (How), 6) relating customer requirements to
engineering specifications (How vs. Whats), and finally, 7) setting engineering targets (how much).
To identify all potential customers, it was important to consider who would be using the device, who the
device would be used on and who would be evaluating the device. It was clear who the three target
customers were for this project: physicians, cardiac arrhythmia patients, and the FDA. Customer
requirements were determined by thinking about what said customers might need or want when using
the device. These wants and needs were organized into groupings, as displayed in Table II, before being
discussed further.
Table II. Grouped examples of customer requirements.
Grouping

Customer

Examples

Geometry

Patient and
physician

Size, length, diameter (deployed and not deployed), arrangement,
connections

Kinematics Physician

Direction of motion, type of motion (i.e., for deployment)

Forces

Patient

Magnitude of force on cardiovascular system

Energy

Patient,
physician, and
FDA

Pulsed electric field, variable simultaneous outputs at catheter tip,
electrical efficiency (decreased delivery time and procedure time) and
effectiveness, power, heating, capacity

Material

Patient

Catheter tube, insulation around electrical components, deployment
tip

Safety

Patient and
FDA

Direct safety, little heating (i.e., minimal collateral damage), long term
durability of solution

Operation

Patient

Device wear, ease of maneuverability

Cost

Physician

Catheter production cost
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Final customer requirements were derived from the grouped examples in Table II. To do this, it was
important to keep the overall objective of the project in mind to ensure that no customer requirements
outside the scope of the project were included. After the project scope and potential customer needs and
wants were assessed, the project team members decided that the most important customer requirements
for the final deliverable would be associated with catheter geometry and materials, catheter kinematics
and maneuverability, and the catheter’s ability to provide sufficient variable electrical impulses through
the catheter tube and at the catheter tip. From this narrowed list of customer requirements, the House
of Quality, displayed in Appendix A, was created.
After weighting each requirement in the House of Quality and assessing competitors’ PEF catheter
prototypes, the next step in the QFD process was to link the defined customer requirements to potential
methods of testing the final design. In other words, the next step was to create an engineering product
specifications table, displayed as Table III. The engineering specifications table includes a description of
measurable parameters based on predetermined customer requirements, target values or requirements
for each parameter, a tolerance for each target value, a risk assessment of meeting each target, and
finally, a compliance method that shows how it will be determined if the target value was met. Some of
the engineering specifications presented in Table III are relevant to a physical catheter prototype and have
been identified as such under the Physical Catheter Spec. column. These specifications are presented as
recommendations for future use, if another group decides to tackle the physical catheter portion of this
project. Specifications identified as Simulation Specs are relevant to the COMSOL simulation that this
senior project group created and tested. For this proof of concept, the goal was to hit the physical catheter
specs with a CAD design of the catheter tube and tip as well as hit the simulation specs with a COMSOL
simulation of the electrical capabilities of the catheter.
Table III. Engineering product specifications table. Under the Risk column, H stands for high risk, M stands
for medium risk, and L stands for low risk. Under the Compliance column, T stands for test, A stands for
analysis, I stands for inspection, and S stands for similarity to existing design.
Spec.
#

Parameter
Description

Physical Simulation Control Requirement
Catheter
Spec.
Panel
(units)
Spec.
Spec.

Tolerance

Risk

Compliance

1

Catheter type

☒

☐

Bi-directional

n/a

M

A

2

Catheter
usable length

☒

☐

110 (cm)

± 10

L

A/S

3

Catheter tube
diameter

☒

☐

3.7 (mm)

± .3

M

A

4

Catheter
balloon tip
diameter

☒

☐

15 (mm)

±2

L

A

5

Catheter
placement
time

☒

☐

15 (min)

±5

L

T/S
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6

Electrical
components
through
catheter

☒

☐

6 (# of wires)

±2

H

I

7

Energy
delivery time

☒

☐

< RF ablation

n/a

M

A/S

8

Voltages at
catheter tip

☐

☒

1500 (V)

± 1500

L

T/S

9

Electrodes

☒

☐

24 [4 per
spline] (#)

±2

H

I

10

Electrode
spacing

☒

☐

2 (mm)

±1

M

A

11

Curve type

☒

☐

FJ

n/a

L

I/S

12

Ablation depth
from active
splines

☐

☒

2-4 (mm)
*dependent
on voltage
setting

± .5

H

A

13

Ablation depth
from inactive
splines

☐

☒

<1 (mm)

± .2

H

A

14

Spline voltages
set
independently

☒

6 (# of
splines)

0

H

T/I

15

Splines turn
ON/OFF
independently

☒

6 (# of
splines)

n/a

M

T/I

16

Display to
Prompt User
Actions

☒

n/a

n/a

L

T/I

Further explanations of each specification parameter are described as the following:
• Catheter type (unidirectional vs bidirectional) refers to the functionality and maneuverability of
the catheter. It is important for the catheter to be bidirectional, meaning it can be manipulated
to curve in two directions near the catheter tip, as it will allow for easier operation and catheter
tip placement by the physician.
• Catheter usable length refers to the length of the catheter tubing that travels through the venous
track of a patient and delivers the electrodes to the correct location within the heart. This is an
important specification, as it ensures that the catheter is long enough to reach the site of ablation.
This specification would be measured via manual length analysis in SolidWorks. Current marketed
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•

•

•

•

•

•

•

•

ablation catheters range from about 100-130 cm in length, so a catheter of length 115 ± 10 cm
will be considered a design success.
Catheter tube diameter refers to the overall diameter of the catheter tubing that glides through
the vascular system of patients. It is important that the catheter diameter is large enough to
accommodate for all the necessary electrical components, insulation, and guide wires, while
remaining small enough to fit inside the venous track of patients. This specification would be
measured via manual diameter analysis in SolidWorks and should fit within the 4 ± .3 mm
diameter size requirement.
Catheter deployed balloon tip diameter refers to the diameter of the deployed electrode
mechanism in the balloon configuration at the tip of the catheter. Based on current PEF ablation
models under investigation, it was decided that a deployed tip of 15 ± 2 mm would be sufficient
for providing necessary variable pulsed electric fields while still fitting inside the human heart
cavities.
Catheter placement time refers to the amount of time it takes for a skilled physician to adequately
place the catheter at the ablation site. This specification would be measured with benchtop
testing methods. This design specification would be considered a success if the time it takes for
the placement of the PEF ablation catheter is less than that of a current radiofrequency or
cryogenic catheter.
Electrical components through the catheter refers to the number of wires that are capable of
fitting within the catheter tube. To provide enough variable electric pulses to the end of the
catheter tip, it would be considered a success if at least six wires fit and were functional within
the 14 French catheter tube. This parameter is considered high risk because the catheter tube
diameter is quite small, and therefore it would be difficult to fit an adequate number of electrical
components within it. This parameter would be measured by simply inspecting the inside of the
catheter prototype tube.
Energy delivery time refers to the time it takes for the necessary amount of energy to be applied
to tissue for adequate ablation. The time required for adequate energy delivery time should be
less than that for a radiofrequency ablation device. Therefore, this parameter would be measured
via time testing as well as by comparing it to an existing design.
Voltages at the catheter tip refers to the magnitude and variability of the voltages at the
electrodes of the catheter tip. This is a key parameter because to successfully execute pulsed
electrical field ablation therapy, voltages ranging from 750-2000 V are required to be outputted
by the catheter. This is a low-risk parameter for this project because the high voltages would
simply be implemented and tested in the simulation portion of the deliverable. Building and
testing the circuitry for such high voltages would be very dangerous, and therefore would not be
feasible for this project. Instead, high voltages would be utilized in the simulation and much
smaller variable voltages would be tested on a simplified circuit board used as an example for a
user interface of this device.
Electrodes refers to the number of electrodes at the tip of the catheter. The more electrodes that
were included at the tip, the greater the potential would be to include more electrical pulse
variety. This was considered a high-risk parameter, as designing for a catheter with over 20
electrodes at the tip would be very challenging. This parameter would eventually be measured
via inspection in SolidWorks and testing of the electrodes to ensure proper functionality in
COMSOL.
Electrode spacing refers to the space between electrodes at the catheter tip. It was important to
provide enough spacing so that electrodes generating different electrical pulses were properly
spaced. This parameter was considered low to medium risk because it has the capability to be
adjusted throughout the modeling and prototyping phases as needed.
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•

•

•

•
•
•

Curve type refers to how the end of the catheter could be manipulated via physician handling. A
common and desirable curve type for ablation procedures is F-J, which allows the catheter to
bend 180° one way with a 76 mm diameter and 180° the other way with a diameter of 102 mm.
The structural support and guide wires within the catheter tube will provide this type of
maneuverability. The parameter was to be manually measured as well as simply inspected and
compared to other similar existing designs.
Ablation depth from active splines refers to the depth of the electric field created by active
splines, or splines that are set as “on.” This is considered a high-risk parameter because it is
essential that the electrodes ablate deep enough, but also not too deep, into the heart tissue. This
spec will be analyzed in the COMSOL simulation.
Ablation depth from inactive splines refers to the depth of the electric field created by inactive
splines, or splines that are set as “off.” This is considered a high-risk parameter because it is
essential that the electrodes that are meant to be off do not cause any ablation in the heart. This
specification also encompasses the high-risk challenge of a bleeding effect that can occur from on
electrode splines to off electrode splines. This spec will be analyzed in the COMSOL simulation.
Visualization of any bleeding effects will also be obtained via the COMSOL simulation.
Spline voltages set independently refers to the control panel’s ability to allow the user to set the
voltage of each individual spline independent of the other splines.
Splines turn ON/OFF independently refers to the control panel’s ability to allow the user to turn
the electrodes on and off independently of the electrodes on other splines.
Display to Prompt User Actions refers to a display that shows the status of each spline, as well as
the status of the pulses being delivered.

Project Management
As mentioned previously, the project team’s intention was to produce a CAD drawing of a PEF catheter
design, a thorough simulation of the PEF catheter tip, as well as results from simple electrical circuit board
manufacturing of the user interface for the PEF ablation catheter system. After extensive research into
components and materials of existing catheters was completed, the best design and composition for an
ablation catheter as well as a theoretical mechanism for delivering variable pulsed electric fields through
said catheter were determined. These designs were to be used as recommendations for further groups
who plan to tackle the manufacturing of such product, as prototyping of these portions of the product
was not within this project scope.
Due to the emphasis on a proof of concept as the project’s main deliverable, a large portion of the initial
design process was to research related literature. Feasibility of various aspects of the project was the
focus of all research done throughout the entire project. A virtual design notebook in Benchling was used
to record all research, meeting times, sketches, and notes related to the project design and development.
The researching process began with the goal of gaining a basic understanding of electric pulsed field
technologies, current ablation devices and theories, as well as ideal materials used in current designs.
Once components and key features of the product design were determined, the project team began
sketching, simulating, and analyzing early designs. This phase of sketching and iteration was the focus
until the final conceptual design review in Week 10, as shown in Table IV. Once a concept was decided
upon, focus shifted towards smaller product details and eventually to creating well-defined drawings,
which were presented during the critical design review. At the start of the new year, protocols were
defined for testing a hypothetical physical catheter prototype and recommendations were made for
testing and analyzing the specs for said physical catheter prototype. With the project deliverable shifted
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heavily towards the COMSOL simulation, updates were made to the simulation and the testing and data
analysis portion of the project began. Testing and analyzing the engineering specifications within the
simulation comprised the last large portion of the project before a final design review was provided and
presented at the final senior project virtual poster expo. Throughout winter, efforts were also made by
the project team to create a physical electrical representation of the user interface for the catheter
designed.
Table IV. Summarized timeline of the key project deliverables. A more detailed timeline of the project can
be view in Appendix B.
Week Deliverable

Description

7

Conceptual Design
Review

Conceptual ideas for product solution with physical concept models.

10

Critical Design
Review

Drawings/images showing detailed design of the catheter and
simulation.

15

Test Plan

Protocols for testing a prototype and the simulation as well as a plan for
analyzing testing data.

15

CAD Drawing of
Catheter

Drawing and dimensions of catheter design.

15

Basic Prototype

Recommendations for manufacturing a physical catheter prototype and
a completed baseline simulation model.

21

Design Review

Final prototype recommendations, analyses of all simulation test data,
and an electrical user interface prototype.

21

Design Notebook

Research and Design Documentation.

22

Poster Expo

Poster presentation of completed proof of concept.

A network diagram depicting the detailed plan for completing this project is displayed in Figure 2. Rather
than just showing the given due dates of each key portion of this project, the network diagram shows a
timeline of tasks and the interdependencies between tasks. The critical path is depicted by the red lines
and denotes the most efficient order in which tasks should be completed. The critical path method
considers the interdependencies of tasks, connecting predecessor tasks with their successor tasks.
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Legend:
1 – Background Research
2 – Intellectual Property Search
3 – PEF Ablation Therapy Research
4 – Ablation Catheter Geometry Research
5 – Variable Pulse Delivery Research
6 – Deliverable 1
7 – Assess Customers’ Needs
8 – Determine Feasibility
9 – Statement of Work
10 – Project Planning Meeting 1 Presentation
11 – Deliverable 2
12 – Morphology and Concept Sketches
13 – Pugh Chart
14 - Designing
15 – Conceptual Model
16 – Conceptual Design Report + Presentation
17 – Risk and Hazard Assessment
18 – Critical Design Report + Presentation
19 – Winter Project Plan
20 – Prototype Development
21 – Develop + Optimize COMSOL Model
22 – Develop Catheter CAD Model
23 – Prototype Testing Iterations
24 – Prototype Testing
25 – Test Plan Report + Presentation
26 – Functional Prototype Video
27 – Testing + Designing Iteration
28 – Final Project
29 – Senior Project Design Report
30 – Senior Project Design Presentation
31 – Senior Project Poster Expo

Figure 2. Network diagram of the project timeline.
The budget for this project is displayed in Table V. Overall, this project utilized $612.89, leaving a
remainder of $87.11 in the budget. The budget includes materials that were used to create the Arduino
user interface as well as the materials that would be necessary to create the hypothetical physical catheter
prototype.
Table V. Project Budget.
Item
Supplier
Description
Smooth-On
Ecoflex 0050
Platinum
Silicone
TinaWood
Fishing Line
D’Addario
Guitar
Stings
Panzexin
Heat Shrink
Tubing
Clear 3D
Printed
Filament

Purpose

Associated Task
Unit

Planned
Quantity
Cost/
unit
$46.32
1

Cost

Amazon

Catheter

Catheter
Prototype

EA

Amazon

Reflection
Wires
Guide Wires

Catheter
Prototype
Catheter
Prototype

EA

1

$6.45

$6.45

EA

1

$12.92

$12.92

Amazon

Insulating wire
at tip

Catheter
Prototype

EA

1

$7.53

$7.53

Amazon

Creating Heart
Model

Catheter
Maneuverability
testing

EA

1

$22.62

$22.62

Amazon

$46.32
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DOW
Corning
RTV 732
Sealant
Wooden
Balls
Silicone
Molding
and
Manufactur
ing Quote
Eastrans
10ft PCV
Pliable
Tubing
0.022”
Stainless
Steel Wire
0.026”
Stainless
Steel Wire
Arduino
Mega 2560
REV3
Preformed
Male-toMale
Jumper
Wires
Multipack
Breadboard
Multipack
Preformed
Male-toMale
Jumper
Wires
Multipack

Amazon

Gluing Silicone
pieces together

Catheter
Prototype

EA

1

$10.49

$10.49

Amazon

Forming
Catheter Tip
Catheter
Manufacturing

Catheter
Prototype
Catheter
Prototype

EA

1

$9.05

$9.05

EA

1

$400.00

$400.00

Amazon

Vascular
System
Modeling

Catheter Testing

EA

1

$11.00

$11.00

McMasterCarr

Creating
Lumens

Catheter
Molding

EA

1

$9.04

$9.04

McMasterCarr

Creating
Lumens

Catheter
Molding

EA

1

$8.44

$8.44

Amazon

Microprocessor to
program panel
Connect Circuit
Components

Control Panel

EA

1

$39.11

$39.11

Control Panel

EA

1

$14.54

$14.54

Amazon

Circuit Base

Control Panel

EA

1

$8.93

$8.93

Amazon

Connect Circuit
Components

Control Panel

EA

1

$6.45

$6.45

Total
Remaining
Budget

$612.89
$87.11

David
Speigel

Amazon

Concept Generation
With product specification development finalized, the project team moved onto creating a design
morphology and concept sketches of the catheter. It was important for the team members to generate
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design concepts focused on function rather than form. The beginning of the concept generation process
involved a lot of brainstorming to generate multiple concepts for one function. Part of the brainstorming
process included the execution of a Conjoint Analysis: two options (levels) were given to three different
product features (factors), conjoint cards were created, each of which consisted of a different
combination of said factor levels, and said conjoint cards were inputted into a survey that was taken by
fellow members of the senior project class. The goal of the Conjoint Analysis activity was to give the
project team a better idea of what potential consumers may have desired when it came to the catheter
design. Because the Conjoint Analysis was performed so early in the design process and many updates
were made to both the design and project scope thereafter, the findings of the analysis did not prove to
play a significant role in the final catheter design. Therefore, results and further information regarding the
Conjoint Analysis can be viewed in Appendix C.
After brainstorming was complete, concepts thought of for each major function of the final product were
consolidated into one large morphology. A morphology was used for the concept generation phase
because it kept the focus of the concept design solely on the function of the final product. There are three
main steps to building a successful morphology: 1) decompose the function, 2) develop concepts for each
function, and 3) combine individual concepts into complete conceptual designs. The combined complete
conceptual designs were then used to generate actual sketches of a potential final design of the project
deliverable.
The first step in creating this project’s design morphology was to decompose each function of the
hypothetical final catheter product. The project team first defined the key functions of the final
deliverable as 1) the ability to transfer electrical energy from the catheter tip to correct heart cells, 2) the
ability to modulate the electrical energy delivered to the heart, 3) the ability to contain all key catheter
components (i.e., electrical, mechanical, etc.), and finally, 4) the ability of the device to be accurately
positioned into the heart. These functions are displayed in the leftmost column of Table V. Once these
functions were decomposed and defined, various concept sketches were developed for each.
For the function of transferring electrical energy from catheter tip to heart cells, four various catheter tip
concepts were noted in the morphology: a deployable lattice-like tip, a balloon tip that compresses into a
flower shape, a deployable slinky-like tip, as well as a “loose ends” concept that is comprised of individual,
loose splines going in at least six different directions upon deployment. For the function of modulating
electrical energy delivered, two modulations were conceptualized: one in which separate electrical waves
provide individual energy to each spline, and one in which electrical waves with an additive effect
generate variable electrical impulse strengths along the catheter tip. Additive electrical waves would
require less electrical systems, thus deceasing the amount of wiring needed to fit within the catheter
diameter; however, the tunability of the electrical waves would be more complicated. Two concepts were
also noted in the morphology for the ability of the catheter to contain all essential components. One
concept involves separating each component (i.e., electrical wires, guide wire, etc.) individually with the
actual catheter material. The second concept regarding this function involves tunneling all components
down the same lumen but separating them individually with extra insulating material. Finally, for the
function of accurately positioning the catheter into the heart, five curve concepts were noted in the
morphology. The curves displayed in Table VI for this function were all derived from currently accepted
catheter curve types.
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Table VI. Morphology: Functional Decomposition of Design Concept.

Once potential concepts for each function of the final CAD model were thought up and noted in the
morphology, the project team proceeded with the final step of creating a successful morphology:
combining individual concepts into complete conceptual designs. For this step, the project team created
three complete conceptual designs, each of which included one individual concept from each of the
defined functions.
The first complete concept is displayed in Figure 3. This catheter concept combined the “loose ends”
catheter tip design, additive electrical waves for energy modulation, separation of components via
catheter material, as well as a sweep catheter curve. This concept would simultaneously deliver six
different electrical waves by combining three different electrical waves in an additive fashion. Therefore,
the catheter would only require three separate electrical systems as opposed to six, thus requiring less
wiring to be contained within the catheter. The electrical components in this complete concept would be
evenly separated around the guide wire and insulated by the catheter material to allow for increased
insulation and decreased crosstalk. The tip of this first concept features “loose” catheter tips, each of
which is independently controlled to allow for maximum maneuverability and selectivity during
placement of the catheter tip within the heart.
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Figure 3. Complete Concept 1. “Loose ends” tip, additive electrical waves, separation via catheter
material, and a sweep curve.
The second complete concept is displayed in Figure 4. This catheter concept combines the balloon tip that
compresses into a flower shape, additive electrical waves for energy modulation, separation of
components via catheter material, as well as the asymmetric bi-directional curve. This concept would
allow the catheter to deliver six separate electrical impulses simultaneously while requiring fewer
individual electrical systems due to its ability to combine electrical fields in an additive manner. The
electrical components in this complete concept would be evenly separated around the guide wire and
insulated by the catheter material to allow for increased insulation and decreased crosstalk. The catheter
tip geometry would allow for easy alteration of electrode configuration from a balloon shape to a flowershape to everything in between. These various configurations would allow for easy access to any part of
the cardiac tissue that might need ablating.

Figure 4. Complete Concept 2. Balloon/flower catheter tip, additive electrical waves, separation via
catheter material, and an asymmetric bi-directional curve.
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The third complete concept is displayed in Figure 5. This catheter concept combines the deployable slinkylike tip, separate electrical waves for modulation, separation of components via individual insulation
material, as well as a bi-direction symmetric catheter curve. This design concept would simultaneously
deliver six different electrical impulses, each within an individual wire within the catheter. This would
require that the catheter contain six separate electrical systems. The wires comprising the electrical
systems would be embedded within their won individual insulation systems while be run through one,
large lumen through the catheter. The tip of this concept features a deployable slinky-like design that
would have the capability of wrapping around the guide wire within the catheter as it travels through the
cardiovascular system. Upon partial deployment, the “slinky” could be utilized in the position shown in
Figure 9, or it could be fully deployed into a flat, spiral shape, giving the device the ability to provide
electrical energy to a wider surface area within the heart.

Figure 5. Complete Concept 3. Slinky tip, separate electrical waves, separation via individual insulation
material, and a symmetric bi-directional curve.

Concept Evaluation
To evaluate the complete concepts described in the previous section, Pugh’s method of analysis was
utilized. Pugh’s method is a pro-con analysis that applies to multiple concepts simultaneously. First,
criteria for choosing the optimal concept configuration were defined. The criteria for the final catheter
design included manufacturability, maneuverability, specificity, as well as insulation capabilities. Once
defined, each aspect of the criteria was given a weight, depending on how important it is the overall
quality and functionality of the final product deliverable. The weights given to each criterion are displayed
under the “Weight” column in Table VII. Evaluation was done by first assigning one of the concepts as the
“Baseline.” The remaining concepts were compared to the defined baseline and given a score of -1, 0, or
+1, representing worse than the baseline, same as the baseline, and better than the baseline. This scoring
process was done by each of the project team members three different times, each of which defined a
different concept as the baseline. Once all scores were inputted into respective Pugh charts, weighted
totals for concepts were calculated by multiplying weights of each criteria by their corresponding scores
assigned and then summing all the products together. An example of a complete Pugh chart is displayed
in Table VII. The remaining Pugh charts completed by each project team member can be viewed in
Appendix D.
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Table VII. Cami’s Pugh Chart. Baseline: Complete Concept 1.
Issue

Weight Baseline: Concept 1

Concept 2

Concept 3

Manufacturability

30

0

-1

Maneuverability

15

0

1

Specificity

25

1

1

Insulation Capabilities

30

0

-1

Total

1

0

Weighted Total

25

-20

After each project member completed a Pugh chart with each concept as a baseline, the group discussed
discrepancies, noted strengths of highest scoring concepts, and decided on the optimal design aspects to
pursue in further design developments. After the review process, Concept 2 emerged as the favorite
design.
Originally, it was thought that manufacturing electrical components with individual insulation would be
easier, but upon further discussion with experts in the field, this assumption was disproved. The increased
symmetry that goes along with using catheter material for insulating electrical components allows for
easier manufacturing as well as greater stability. As a result of this conclusion, Concept 2 typically ranked
higher than other concepts when it came to the issue of manufacturability. As for maneuverability, it was
unanimously decided that Concepts 2 and 3 would allow for maneuvering through the heart, simply due
to their more compact and adjustable catheter tip designs. In addition to catheter tip design, the type of
curve included in the design also played a role in the ranking of maneuverability. Overall, it was decided
that a bi-directional curve, such as the one seen in Concepts 2 and 3, would allow for easier and more
efficient catheter movement and placement. When looking closer at the issue of specificity, Concept 2
was the clear front-runner. Due to its complex and easily adjustable catheter tip geometry, its ability to
target specific tissue types and surface areas outshined the rest. The final issue addressed by the Pugh
Chart analysis was that of insulation. As a result of discussions with experts in the field as mentioned
previously, it was decided that insulation provided by the catheter material itself would be the best design,
as it would provide better overall insulation, and thus, improved safety and stability of the catheter.
Concepts that utilized this type of insulation were Concepts 1 and 2.
In conclusion, Concept 2 was ranked as the design that best addressed the issues presented in the Pugh
charts. Therefore, it was decided that components from Concept 2 would be used as inspiration
throughout the remainder of the design and simulation development stages.
After a front runner concept was determined, the possible failure modes for the concept were evaluated.
This was done using the standard Failure Modes and Effects Analysis, or FMEA. The results of this analysis
are displayed in Table VIII. For FMEA, potential failure modes were listed and rated from one to ten on
their occurrence, detectability, and severity. These numbers were then multiplied together to get the risk
priority number, or RPN.
The three main failure categories defined were catheter tip deployment, delivery of electrical pulses and
movement of the catheter tip. Regarding catheter tip deployment, there were concerns that the
guidewire and tip support structures could fail, possibly leading to one of three outcomes: failure to
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deploy, tearing of the patient's heart, or failure to change configuration from basket to flower. Failure to
deploy or change configurations could be due to insufficient force being generated within the tip to cause
deployment or configuration change. While these causes would prevent complete functionality of the
device, the safety risk to the patient would be quite low. In contrast, if the force generated was too high,
consequence of tearing the patient’s heart would become a possibility, which would be a catastrophic
failure. To prevent these failures, the mechanical stability of any future catheter tip prototype should be
tested extensively.
The delivery of electrical pulses was the next failure category defined. Failure in this category would most
likely be due to a short circuit, which could be caused by faulty insulation or poor soldering of the device.
This could cause the delivery of only one electrical pulse, extreme catheter heating and melting, or a
deadly amount of electrical energy being delivered to the heart. Delivery of one electrical pulse is what
PEF ablation catheters currently do, so the surgery could likely continue: although, with less control of the
electrical pulses. Extreme heating and melting could severely harm the patient or cause complete failure
of the device, leading to more short circuiting. A deadly amount of delivered electrical energy would also
be catastrophic, and thus the soldering connections of an eventual physical catheter prototype must be
thoroughly tested to prevent this. A lot of thought was also put into the choice of insulation, such that it
can withstand high voltages and heat if a short circuit occurs.
The last failure category was movement of the catheter tip. This refers to the bending of the catheter tip
within the heart and, therefore, the ability of the catheter to reach different areas within the heart. The
refraction wire, which causes the bending, could fail if the material is not designed to withstand the forces
placed on it. This would prevent any catheter bending and most likely cause the surgeon to be unable to
ablate all the required potions of the heart. Fortunately, there would likely be no harm to the patient
during surgery from this failure. Careful material choice and design analysis of the refraction wire, as well
as testing its strength, would prevent this problem. In conclusion, Concept 2 did present with a handful
of failure modes; however, all of them could be properly designed for and tested to ensure safety and
efficacy. This validated Concept 2 as the most viable choice for this project.
Table VIII. Failure Mode and Effect Analysis Results Table
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Concept Modeling
With Concept 2 as inspiration, the project team began the concept modeling phase of the design and
development process. As stated previously in the Project Management section, the project team planned
to produce a detailed CAD model and drawing of their designed PEF ablation catheter. Figure 6 displays
images of the CAD model of the preliminary conceptual mechanical design of the balloon/flower catheter
tip. The model includes six electrode-containing splines, each of which contains six gold electrodes. The
CAD model is shown in its balloon configuration; but, as stated and shown in the concept generation
section, the catheter would also be able to adjust into a flower configuration.
A

B

Figure 6. Preliminary Catheter Tip. A, Isometric CAD model. B, Dimensioned CAD model.
.
To better understand the properties of electric fields created by our PEF ablation catheter, a simplified 2D
COMSOL simulation and analysis of the electric field created by a pair of electrodes on a straight spline
was conducted. The effect of electrode spacing, the applied electric field’s amplitude, and the electrode
length were all tested, as shown in Table IX. This provided more information on final product design
choices that might alter the electric field and thus the amount of tissue ablated; namely, electrode
geometry and pulse magnitude.
Table IX. Tested Concept Scenarios in COMSOL.
Impulse Magnitude (V)
Case 1
1500
Case 2
1500
Case 3
1500
Case 4
750
Case 5
750
Case 6
750
Case 7
1500
Case 8
750
Case 9
1500
Case 10
750

Electrode Length (mm)
2
2
2
2
2
2
1
1
3
3

Electrode Spacing (mm)
2
3
4
2
3
4
2
2
2
2
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A 2D axisymmetric COMSOL simulation using a time-dependent study within the Electrostatics physics
tool was used for this analysis. To model our electrodes, a rectangular surface was created with two
electrodes placed on it, the top being active, and the bottom being ground. The geometry of the
simulation setup is displayed in Figure 7 below. During simulation computations, COMSOL revolves the
axisymmetric plot about the z-axis, effectively creating a 3-dimensional cylindrical model. The electrodes
had the material properties of Gold (Au), a potential electrode material candidate, and the rest of the
spline had the material properties of Polytetrafluoroethylene (PTFE). A larger surface was created to
represent the medium in which the electric field would be traveling. For these simulations, the electrical
properties of water were used for the medium; however, for further simulations, a user-defined material
with the electrical properties of myocardial tissue was created to improve the model’s accuracy. A
rectangular function with different voltage amplitudes was used to simulate the nanosecond pulses. A
contour plot of the resulting normalized electric field, in V/m, was added to the surface plot with
logarithmic arrow surface graphs to show the r (horizontal) vs. z (vertical) components of the electric field.

Figure 7. Geometry of COMSOL Design. The purple outlined boxes represent the PTFE insulation. The
green outlined box represents the active electrode, while the red box is the ground electrode, both of
which are made of gold. The grey box represents the heart tissue.
First, the effect on the electrode spacing on the electric field was tested. These were done at 1500V with
2mm, 3mm, and 4mm spacings. Figure 8 shows the 2mm and 4mm cases. Since the threshold for
irreversible electroporation of myocardium is 400 V/cm, this electric field line will be the primary focus of
analysis. From these simulations it was determined that increasing electrode spacing both increases the
penetration of the electric field into the tissue and creates a less uniform electric field in the area between
the electrodes. As seen in the 2 mm test, the .04E6 V/m, or 400 V/cm, line, ablated 5.5mm into the tissue
at its deepest point. For the 3mm and 4mm case, this increased to 6.2mm and 6.5mm. An increase in
electrode spacing also affected the shape of the field between the two electrodes. In Figure 8A, the
electric field lines close to the electrodes follow a smooth parabolic shape, whereas in Figure 8B these
lines have more curves, usually dipping right in the center of the two electrodes. This is something the
team kept in mind as ablation depth was analyzed, for the electric field will be more variable if the
electrode spacing is large.
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A

B

Figure 8. Electrical Impulses of Different Electrode Spacing. A, Case 1: Electrical impulse of 1500V
delivered between two 2mm long electrodes placed 2mm apart. B, Case 3: Electrical impulse of 1500V
delivered between two 2mm long electrodes placed 4mm apart.
The results presented in Figure 8 were plotted in Excel and used to calculate a linear trendline, as seen in
Figure 9.

Figure 9. Ablation Depth as a Result of Different Electrode Spacing.
Second, the effect of the active electrode pulse magnitudes on the resultant electric field was tested. This
was done with 1mm electrode length, 2mm electrode spacing, and both 1500V and 750V magnitudes.
Figure 10 shows that the electric field magnitude, but not shape, is affected by the change in voltage. In
fact, the magnitude is linearly proportional to the change in input voltage. This is displayed by the scale
bars for the contour plot, in which the one for the 1500V case is simply two times that of the 750V case.
This means the resultant electric field is most easily changed via altering the magnitude of the input
electric field.
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A

B

Figure 10. Electrical Impulses of Different Pulse Magnitudes. A, Case 7: Electrical impulse of 1500V
delivered between two 1mm long electrodes placed 2mm apart. B, Case 8: Electrical impulse of 750V
delivered between two 1mm long electrodes placed 2mm apart.
Lastly, the length of the electrodes was tested. 1mm, 2mm, and 3mm long electrodes were all tested with
750V input voltages and 2mm electrode spacing shown, as displayed in Figure 11. Similar to the change
in the electric field due to the electrode spacing, the electrode length changes the penetration (or
ablation) depth of the electric field; however, it did not affect the shape of the electric field like the
electrode spacing did. The ablation depth for the 1, 2, and 3mm electrodes were 3.5mm, 4mm, and 6mm.

26

A

B

C

Figure 11. Electrical Impulses of Different Electrode Lengths. A, Case 8: Electrical impulse of 750V
delivered between two 1mm long electrodes placed 2mm apart. B, Case 4: Electrical impulse of 750V
delivered between two 2mm long electrodes placed 2mm apart. C, Case 10: Electrical impulse of 750V
delivered between two 3mm long electrodes placed 2mm apart.
The results presented in Figure 11 were plotted and a linear trendline was created and is displayed as
Figure 12. The change in length produced a steeper and less well-fit relationship than electrode spacing
did, suggesting that more electrode lengths should be tested. This also means the electrode spacing is
likely a more dramatic way to change the magnitude of the electric field, and thus how far it penetrates,
while keeping the electric field shape the same.
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Figure 12. Ablation Depth as a Result of Different Electrode Lengths.
In summary, the 2D COMSOL model provided insight into the effect of electrode spacing, input voltage
magnitude, and electrode length on the resulting electric field. All three parameters had positive linear
effects on the magnitude of the electric field, and thus, will influence the penetration depth of 400 V/cm
where cardiac ablation occurs. Overall, this model gave the project team a range of the appropriate
dimensions for the final catheter electrodes; however, considering the small sample size and the use of
water as the medium as opposed to the myocardium, further modeling was necessary to confirm these
results.

Detailed Catheter Simulation
Once conceptual models of the final project deliverables were created, the optimization process began
for both the mechanical design and electric simulation of the PEF cardiac ablation catheter. This section
focuses on the design and iteration of the COMSOL model, while the following section, titled Detailed
Design, focuses on the theoretical physical prototype design and manufacturing recommendations for
said prototype.

Catheter Simulation Setup Methods
After the 2D model was developed, the project team constructed a 3D COMSOL model utilizing the
finalized dimensions and electrode spacing discussed in the Detailed Design section. The purpose of this
3D COMSOL model was to show the feasibility of using variable voltages at the tip of the cardiac ablation
catheter to alter the ablation profile. The team’s initial focus for the 3D model was to show cardiac
ablation depth with uniform voltages provided by the catheter tip. After the ablation depth was
characterized with uniform tip voltages, the effect of varying voltages on ablation depth was simulated.
Because the goal of PEF ablation is to cause electroporation of cardiomyocytes, the data from the various
simulations run was used to determine where the electric field surrounding the catheter tip was at or
about the electric field magnitude required for cardiomyocyte electroporation, 4E4 V/cm. First, a
stationary COMSOL study was performed to analyze the effect of one pulse on the catheter tip and
surrounding heart tissue. Once this stationary study was completed and relevant product specifications
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were analyzed, the project team moved onto creating a time dependent COMSOL study in which the
effects of a pulse train on the catheter tip and surrounding heart tissue were analyzed. This pulse train
study was done in 2D, as time did not allow the project team to implement the parameters established in
the 2D pulsed version into a 3D pulse train COMSOL model.
For all COMSOL studies performed, the LiveLink function in COMSOL was used to import geometries
created in SolidWorks directly into the COMSOL software. This function was used to import the finalized
catheter tip geometries directly into COMSOL. A “tissue” cylinder was also created in COMSOL to mimic
the heart material that surrounds and that is meant to be ablated. Figure 13 below displays an example
of the geometry used in COMSOL to perform the 3D simulations.
A

B

C

Figure 13. Geometries LiveLink-ed into, Built, and Used in COMSOL. A, Catheter tip in the balloon
configuration. B, Catheter tip in the flower configuration. C, “Tissue” cylinder.
The material boundaries defined in SolidWorks were also imported into COMSOL, making it simple to
assign the electrodes and insulation portions of the catheter the correct material properties for the
simulation. The material properties for the “tissue” cylinder were defined manually by simply modifying
COMSOL’s pre-defined “Myocardium” material. This involved implementing relative permittivity. The
default permittivity and conductivity values given by COMSOL were used for the polytetrafluoroethylene
(PTFE) and Gold (Au) materials whereas the values for the myocardium was were taken from an outside
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source7. The thermal properties for all materials were taken from COMSOL. Figure 14 shows the materialdefined regions on the LiveLink-ed COMSOL geometries and the material properties used for each domain
in all simulations are displayed in Table X.
A

B

Figure 14. Defined Materials in 3D Simulations. Gold areas depict portions of the catheter tip that are
assigned gold (Au) material properties. Grey areas represent portions of the catheter tip that are assigned
polytetrafluoroethylene (PTFE) material properties A, Balloon tip configuration. B, Flower tip
configuration.
Table X. Properties of Materials used in COMSOL simulations. *Values are variable with temperature
and/or electrical field magnitude.
A. Material Property for Gold (Au)

Value

Unit

Relative Permittivity

1 e9

1

Electrical Conductivity

45.6 e6

S/m

Heat Capacity at Constant Pressure

129

J/(kg*K)

Density

19300

Kg/m^3

Thermal Conductivity

317

W/(m*K)

Relative Permittivity

2

1

Electrical Conductivity

1 e-25

S/m

Heat Capacity at Constant Pressure

1050

J/(kg*K)

Density

2200

Kg/m^3

Thermal Conductivity

0.24

W/(m*K)

Relative Permittivity

2.36 e7

1

Electrical Conductivity

*

S/m

B. Material Property for PTFE

C. Material Property for Myocardial Tissue
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Heat Capacity at Constant Pressure

3212

J/(kg*K)

Density

*

Kg/m^3

Thermal Conductivity

*

W/(m*K)

Catheter Simulation Testing Methods
Because the main focus of this project was on the COMSOL simulation of the pulsed electric field ablation
catheter, the project team performed various tests on the simulation in order to provide the best proof
of concept possible. The following tests on the COMSOL model were executed:
1. Uniform voltage testing.
2. Variable voltage testing.
3. Flower configuration testing. Testing this required creating a SolidWorks model of the catheter
tip in the flower configuration. The electric fields produced, and ablation depth provided, by the
flower tip were analyzed and compared to product specifications.
4. Insulative sheath testing. Insulative sheaths were simulated by adding retractable “sheaths” to
the SolidWorks and COMSOL models. These sheaths covered splines that were set to 0V. The
success in reducing bleeding effects of electric fields was analyzed.
5. Time-dependent simulation testing. A pulse train of electric potentials was applied to each active
electrode instead of one single pulse. This required the use of a time-dependent study with
Electric Currents, Bioheat Transfer, and Electromagnetic Heating physics. The effects of these
simulation additions on overall ablation depth were analyzed.
Table XI below summarizes each test that was done on the COMSOL simulation, the protocol involved for
each test, as well as the respective expected outcomes.
Table XI. Summary of Design of Experiment (DOE) for Each COMSOL Catheter Simulation Test.
Function Being
Equipment /
Protocol
Expected Outcome
Tested
Supplies Needed
Uniform voltages

• Computer
• SolidWorks
• COMSOL

Variable voltages

• Computer
• SolidWorks
• COMSOL

1. Design final catheter tip
in SolidWorks and import
into COMSOL.
2. Run uniform voltage test.
3. Obtain and export data
from a COMSOL Cut Line
going through the
electrode.
4. Analyze results with
Excel and determine
ablation depth.
1. Design final catheter tip
in SolidWorks and import
into COMSOL.
2. Run variable voltage test.

• Ablation depth between
2-4mm.
• Ablation profile is
uniform around all
splines.

• Ablation depth between
2-4mm.
• Ablation profile is
variable around splines.
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Insulative sheath

• Computer
• SolidWorks
• COMSOL

Flower
configuration

• Computer
• SolidWorks
• COMSOL

Time-dependent
study

• Computer
• COMSOL

3. Obtain and export data
from a COMSOL Cut Line
going through the
electrode.
4. Analyze results with
Excel and determine
ablation depth.
1. Design insulative sheath
in SolidWorks and import
into COMSOL.
2. Run variable voltage test
with sheath over off
electrodes.
3. Analyze results with
Excel and determine
difference from sheathless tests.
1. Design flower
configuration in
SolidWorks and import
into COMSOL.
2. Run uniform and variable
pulse tests sheathed and
sheath-less.
3. Analyze results with
Excel and determine
difference from sheathless tests.
1. Add in necessary Physics
to create functioning
time-dependent study.
2. Include relevant Bioheat
and pulse train
equations, as necessary.
3. Analyze results with
Excel and determine
difference from single
electric pulse (stationary)
study.

• Diminished bleeding
effect.
• Ablation depth less than
.1mm for 0V electrodes.
• Difference between
sheathed and
unsheathed groups.

• Ablation depth between
2-4mm.

• Increased ablation
depth as compared to
stationary study.

Stationary COMSOL Study
The Electrostatics (ES) Physics mode in COMSOL was used to perform all stationary study simulations. ES
utilizes a pseudo-static approximation for the theoretical catheter system and environment. This study
does not account for the propagation time of the electric field, so any change of voltage at the electrodes
will cause an instantaneous change at all other points in the area of study. The time length of the voltage
applications by the tip are short enough to make this approximation justifiable. For the stationary studies,
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an electric potential was added to every other electrode on each spline of the catheter geometry and a
ground was applied to all other electrodes. This was done by right clicking the Electrostatics button and
inserting Grounds and either one or various Electric Potentials. For the uniform studies, only one electric
potential was assigned to all electrodes, whereas for the variable studies, different electric potentials were
assigned to different electrodes. For example, for the variable study in which half the catheter tip spline
electrodes were off and half were on, there were two electric potential domains created in COMSOL: one
was set to 0V and the other to somewhere between 500-3000V. Figure 15 below displays an example of
the Ground and Electric Potential setup used in one of the uniform voltage stationary studies. Current
Conservation was applied to all domains and boundaries.
A

B

Figure 15. Ground and Electric Potential Setup in COMSOL for a Uniform Voltage Study. A, Ground
assigned to the second and fourth electrode on each spline. B, Electric potential assigned and defined to
the first and third electrode on each spline.
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Data collection was done by placing a Cut Line that crossed two different electrodes on opposite catheter
splines. The data taken from along this Cut Line was exported and analyzed in Excel. 3D multi-slice and
iso-surface plots displaying the total ablation into the tissue were also created in COMSOL.
Uniform Voltage Results
Simulations were first performed with uniform voltages running down each spline. As shown by Figures
16 and 17 below, when uniform voltages were applied, the resulting electric field around each spline
appeared to be uniform. The ablation depth from each voltage is represented by the green area in the
iso-surfaces displayed in Figure 16 and by the white and bright red areas in the multi-slices displayed in
Figure 17. This scenario was tested at four different voltages (500V, 750V, 1250V, and 1500V) to verify
that this is the case for all voltages.
A

B

C

D

Figure 16. Iso-surface of uniform voltages applied to each spline in the balloon configuration. A, 500 V.
B, 750 V. C, 1250 V. D, 1500 V.
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A

B

C

D

Figure 17. Multi-slice of uniform voltages applied to each spline in the balloon configuration. A, 500 V.
B, 750 V. C, 1250 V. D, 1500 V.
As shown by the line graph in Figure 18 below, when uniform voltages ranging from 500 volts to 3000
volts were applied to the splines simultaneously, the outer ablation depth ranged from 1.36mm to
2.90mm. This just barely fits within the lower end of the ablation depth requirement defined in the
project’s engineering specifications. By assigning a higher uniform voltage to each spline, this ablation
depth increases, following the linear trend seen in Figure 18.
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Figure 18. Electric Field Voltage vs Ablation Depth: Uniform Balloon Configuration. Graph made up of
data exported from the balloon configuration uniform simulations. Utilizes voltages ranging from 500 to
3000 volts.
Figures 19 and 20 below display resulting electric fields when uniform voltages were applied to the
catheter tip in the compressed flower configuration rather than the balloon configuration. Similar to the
balloon tip results, the electric fields resulting from the application of uniform voltages appeared uniform
around each spline. This scenario was tested at the same four voltages (500V, 750V, 1250V, and 1500V).
Ablation depth is represented by the green areas in the iso-surfaces and by the white and bright red areas
in the multi-surfaces.
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Figure 19. Iso-surface of uniform voltages applied to each spline in the flower configuration. A, 500 V.
B, 750 V. C, 1250 V. D, 1500 V.
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Figure 20. Multi-slice of uniform voltages applied to each spline in the flower configuration. A, 500 V. B,
750 V. C, 1250 V. D, 1500 V.
As shown by the line graph in Figure 21 below, when uniform voltages ranging from 500 volts to 3000
volts were applied to the flower tip-configured splines simultaneously, the outer ablation depth ranged
from 1.50 millimeters to 4.33 millimeters.
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Figure 21. Electric Field Voltage vs Ablation Depth: Uniform Flower Configuration. Graph made up of
data exported from the flower configuration uniform simulations. Utilizes voltages ranging from 500 to
3000 volts.
Uniform Voltage Discussion
As displayed by Figures 16, 17, 19 and 20, ablation depth was consistent around all splines set to uniform
voltages. This was true for any voltage applied and in either spline tip configuration. This uniformity was
one of the two expected outcomes from these uniform voltage tests. Although the consistency of ablation
around the catheter tip was as to be expected, the same could not be said for the overall ablation depth
caused by the uniform voltages. According to the line graph in Figure 18, the balloon tip configuration
induced ablation depths ranging from 1.36mm to 2.90mm, which just barely fits into the lower end of the
ablation depth range specification defined in Tables III and XI. Although it technically hits the product
specification, the project team would like to see a bit deeper ablation, as certain areas of diseased heart
require a deeper amount of ablation. Although the linear trendline in Figure 18 shows that if voltages
were simply increased to the balloon catheter tip, ablation would in turn increase, if voltage levels get too
high there would be an increased possibility of excess heat generation by the electrodes, which could
cause unwanted effects and harm.
Interestingly, although the ablation depth specification was not quite obtained by the balloon
configuration, it was more appropriately addressed by the flower tip configuration. As displayed by the
data in Figure 21, ablation depths ranging from 1.50mm to 4.33mm were induced by the flower tip
configuration with uniform voltages. This is likely due to the electrodes being closer together than in the
balloon configuration. That being said, the center of the ablation specification range (2-4mm) was not hit
by the flower configuration until about 2000 volts were applied to the tip, which is quite high of a voltage
to send through the catheter to the electrodes.
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The slightly low ablation depth seen by the balloon configuration as well as at the lower voltage levels of
the uniform flower tip configuration were eventually addressed by the project team. The specifics of this
addressment is discussed later in the Time-Dependent COMSOL Study section.
Once simulations were run on the catheter tip with uniform voltages applied to the electrodes, the project
team moved onto simulating the effects of applying variable voltages to the electrodes. The goal of the
variable voltage simulations were to determine the ability of the catheter to use varying voltages to
selectively ablate abnormal tissue areas on the heart.
Un-sheathed Variable Voltage Results
For the first variable pulse test, different uniform voltages were applied to the left and right sides of the
catheter spline tip. Figure 22 shows the multi-slice top and side views of the simulated electric fields for
the three cases tested. The top images show the simulated electric field when the left splines are set to
1500V and the right splines are set to 0V. The bottom images depict a similar scenario, except with the
left splines set to 750V. For the case of 1500V, the right side of the catheter is still ablating a depth that is
approximately half of the depth ablated by the electrically active splines because of the field being
produce by the splines on the opposite side of the catheter tip, while the case with 750V simulated shows
a similar pattern. The middle images depict the scenario of setting the left splines to 1500V and the right
splines to 750V, which show a slight additive effect of the electric fields being produced close together.
This results in a slightly deeper ablation depth on the active voltage sides as compared to their respective
tests with 0V applied to half the splines.
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Figure 22. Multi-slices of variable voltages applied to each half of the balloon catheter tip. A, left half at
1500V and right half at 0V: side view. B, left half at 1500V and right half at 0V: top view. C, left half at
1500V and right half at 750V: side view. D, left half at 1500V and right half at 750V: top view. E, left half
at 750V and right half at 0V: side view. F, left half at 750V and right half at 0V: top view.
The graph shown in Figure 23 depicts the outer ablation depths for the cases where half of the splines
were turned off (assigned 0V) and the other half of the splines were assigned varying voltages. When
1500V was applied to half the splines, that side of the catheter tip ablated approximately 1.96mm into
the tissue. Meanwhile, the tissue near the opposite side of the tip (the side that is turned off) experienced
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approximately 1.57mm in ablation depth due to the bleeding effect of the on electrodes towards the off
electrodes. As Figure 23 shows, the bleeding effect on the off electrodes increases as the voltage of the
on electrodes is increased. This bleeding effect is demonstrated by the larger slope for the linear
approximation of ablation depth for off electrodes in comparison to that of the ablation depth for the on
electrodes.

Figure 23. Electric Field Voltage vs Ablation Depth: Un-sheathed Variable Balloon Configuration. Graph
made up of data exported from variable voltage simulations of half the balloon catheter tip configuration
splines at a defined voltage and the other half of the splines turned off (0V).
A second variable pulse test was done by applying two different uniform voltages to alternating splines of
the catheter tip. Figure 24 shows the multi-slice top and side views of the simulated electric fields for the
three cases tested. The top images show the simulated electric field when one set of alternating splines
is set to 1500V and the other is set to 0V. The bottom images depict a similar scenario, except with the
application of 750V rather than 1500V. For the case of 1500V, there definitely seems to be a greater
bleeding effect of the on electrodes when compared to the case of 750V, which parallels the results seen
in the half-and-half variable studies described previously. The middle images depict the scenario of setting
one set of alternating splines to 1500V and the other to 750V. Like the previous study, this scenario shows
a slight additive effect of the electric fields, resulting in a slightly deeper ablation depth.
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Figure 24. Multi-slices of variable voltages applied to alternating splines of the balloon catheter tip
configuration. A, alternating 1500V and 0V: side view. B, alternating 1500V and 0V: top view. C,
alternating 1500V and 750V: side view. D, alternating 1500V and 750V: top view. E, alternating 750V and
0V: side view. F, alternating 750V and 0V: top view.
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The last variable scenario tested involved setting five of the splines to a uniform voltage and giving the
sixth spline a different voltage. Figure 25 shows various views of the simulated ablation depths for setting
five splines to 1500V and the sixth to 0V (turned off) as well as for setting five splines to 0V (turned off)
and the sixth to 1500V. As displayed by parts A and B in the figure, when only one spline was turned off,
that spline actually ended up ablating a slightly greater depth than the splines at set at 1500V. When only
one spline was turned on with a voltage of 1500V, the two splines on either side of the active spline
produce an ablation depth of about 1.63mm while the actual active spline produces an ablation depth of
approximately 2.52mm. The remaining 3 splines across from the electrically active spline produce a small
tissue ablation depth of about 0.39mm.
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D

Figure 25. Multi-slices of a different voltage applied to one spline of the balloon catheter tip
configuration. A, rightmost spline turned off (0V) and all the rest assigned 1500V: side view. B, rightmost
spline turned off (0V) and all the rest assigned 1500V: top view. C, rightmost spline assigned 1500V and
all the rest turned off (0V): side view. D, rightmost spline assigned 1500V and all the rest turned off (0V):
top view.
Un-sheathed Variable Voltage Discussion
As displayed by Figures 22, 24 and 25, ablation depth was variable around catheter tip splines set to
different voltages. The range of variability was dependent on the difference in voltages applied to the
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catheter splines. For example, Figure 22 shows that there was greater variability in ablation depth when
the electrodes the difference between electrode voltages was 1500 volts rather than 750 volts. An
interesting phenomenon that was observed in all un-sheathed variable voltage simulation tests was a
distinct bleeding effect. This bleeding effect is most easily observed in Figure 25, parts A and B, in which
the rightmost spline was turned off (assigned 0V) and the remaining splines were assigned 1500V. As the
figure displays, the “off” spline actually induced a greater ablation depth than the “on” splines that were
set to 1500V. The project team speculated that this unexpected outcome was due to bleeding of the
voltages applied to the “on” electrodes towards the grounds of the off spline. Because of this bleeding
effect, the product specification requiring that the ablation depth from inactive splines be less than 1mm
was not met by this variable voltage simulation. This conclusion is further proved by the line graph in
Figure 23, which shows that the electrodes assigned 0 volts induce an ablation depth of at least .5mm for
all cases. The line graph also shows that as the voltage of the “on” electrodes is increased, the bleeding
effect towards the “off” electrodes increases, inducing an even greater depth of unwanted ablation by
the “off” electrodes.
To address this bleeding effect phenomenon, the project team came up with the idea of including
retractable insulative sheaths to the catheter design. Controlled by the physician via the catheter handle,
the idea was that these insulative sheaths could be retracted into the catheter tube and out around their
respective catheter tip spline. The project team believed that the addition of said insulative sheaths
around the “off” electrodes would reduce, or maybe even eliminate, the bleeding effect. To test this
design idea, an insulative sheath was modeled in SolidWorks and mated to the “off” electrodes before
the same variable voltage tests were simulated in COMSOL. Results from these simulations are displayed
in the follow section.
The flower configuration was not included in the un-sheathed variable voltage simulation studies because
after the project team observed the unwanted bleeding effect in the balloon configuration, it was
assumed that the same phenomenon would happen to the flower tip configuration. Therefore, the flower
tip configuration was only included in the sheathed variable voltage simulation studies, described in the
following section.
Sheathed Variable Voltage Results
The same variable voltage testing was done on both the balloon and flower tip configuration, but with the
inclusion of insulative sheaths that covered all electrodes set to 0V. Figure 26 shows the multi-slice top
and side views of the simulated electric fields for the two half-and-half cases tested. The top images show
the simulated electric field when the left splines are set to 1500V and the right splines are both sheathed
and set to 0V. The bottom images show a similar scenario, except with the left splines set to 750V.
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Figure 26. Multi-slices of variable voltages applied to each half of the sheath-insulated balloon catheter
tip. A, left half at 1500V and right half at 0V: side view. B, left half at 1500V and right half at 0V: top view.
C, left half at 750V and right half at 0V: side view. D, left half at 750V and right half at 0V: top view.
The graph shown in Figure 27 depicts the ablation depths for the half-and-half cases in which the off
electrodes were further insulated with a sheath. When 1500V was applied to the splines that were on,
that side of the catheter tip ablated approximately 1.28mm to 2.97mm into the tissue. Meanwhile, the
tissue near the opposite side of the tip (the side that was turned off) experienced 0mm of ablation. As
displayed by the non-existent slope of the Ablation Depth - Off Electrodes linear trendline in Figure 27,
the bleeding effect on the off electrodes is absent no matter the voltage applied to the active electrodes.
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Figure 27. Electric Field Voltage vs Ablation Depth: Sheathed Variable Balloon Configuration. Graph
made up of data exported from variable voltage simulations of half the sheath-insulated balloon catheter
tip configuration splines at one voltage and the other half at 0V. An insulative sheath was placed on the
electrodes operating at 0V.
After the half-and-half sheathed variable pulse test simulation was complete, the sheathed version of the
alternating splines was tested. Figure 28 shows the multi-slice top and side views of the simulated electric
fields for the two cases tested. The top images show the simulated electric field when one set of
alternating splines is set to 1500V and the other is sheathed and set to 0V. The bottom images depict a
similar scenario, except with the application of 750V rather than 1500V. For both cases, and similar to the
previously described sheathed cases, the electric field around the off electrodes significantly decreased
with the inclusion of the insulative sheath.
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Figure 28. Multi-slices of variable voltages applied to alternating splines of the sheath-insulated balloon
catheter tip configuration. A, alternating 1500V and 0V: side view. B, alternating 1500V and 0V: top view.
C, alternating 750V and 0V: side view. D, alternating 750V and 0V: top view.
The last sheathed variable scenario tested on the balloon configuration involved setting five of the splines
to a uniform voltage and giving the sixth spline a different voltage. Figure 29 displays side and top views
of the simulated ablation depths for setting five splines to 1500V and a sheathed sixth to 0V (turned off)
as well as for setting five splines to 0V (turned off) and a sheathed sixth to 1500V. As displayed by parts A
and B in the figure, when only one spline was turned off, that off spline does not ablate any surrounding
tissue. Similarly, when only one spline was turned on with a voltage of 1500V, only that on spline shows
to be ablating surrounding tissue. This further confirms that the inclusion of an insulative sheath impacts
the ablation depth of off electrodes as well as the bleeding effect that was seen in the original variable
voltage tests.
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Figure 29. Multi-slices of a different voltage applied to one spline of the sheath-insulated balloon
catheter tip configuration. A, one 0V and all the rest 1500V: side view. B, one 0V and all the rest 1500V:
top view. C, one 1500V and all the rest 0V: side view. D, one 1500V and all the rest 0V: top view.
To ensure continuity between catheter tip configurations, the same sheathed variable voltage tests were
done on the catheter tip while in its flower tip configuration. Figure 30 below displays the multi-slice top
and side views of the simulated electric fields for the two half-and-half flower tip cases tested. The top
images show the simulated electric field when the left splines are set to 1500V and the right splines are
both sheathed and set to 0V. The bottom images show a similar scenario, except with the left splines set
to 750V. Like in the balloon configuration, the electrodes that are sheathed and turned off do not ablate
any surrounding heart tissue.
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Figure 30. Multi-slices of variable voltages applied to each half of the sheath-insulated flower catheter
tip configuration. A, left half at 1500V and right half at 0V: side view. B, left half at 1500V and right half
at 0V: top view. C, left half at 750V and right half at 0V: side view. D, left half at 750V and right half at 0V:
top view.
The graph shown in Figure 31 shows the ablation depths for the sheathed, flower tip, half-and-half
variable voltage cases. When 1500V was applied to the splines that were on, that side of the catheter tip
ablated approximately 2.2mm into the tissue. Meanwhile, the tissue near the opposite side of the tip (the
side that is turned off) experienced 0mm of ablation. As displayed by the non-existent slope of the
Ablation Depth - Off Electrodes linear trendline in Figure 31, the bleeding effect on the off electrodes is
absent no matter the voltage applied to the active electrodes.
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Figure 31. Electric Field Voltage vs Ablation Depth: Sheathed Variable Flower Configuration. Graph made
up of data exported from variable voltage simulations of half the sheath-insulated balloon catheter tip
configuration splines at one voltage and the other half at 0V. An insulative sheath was placed on the
electrodes operating at 0V.
Similar variable pulse testing was continued on the flower tip configuration to prove continuity of results.
Figure 32 below shows the multi-slice top and side views of the simulated electric fields for the two
alternating variable voltage cases. The top images show the simulated electric field when one set of
alternating splines is set to 1500V and the other is sheathed and set to 0V. The bottom images depict a
similar scenario, except with the application of 750V rather than 1500V. For both cases, and similar to the
previously described sheathed flower tip cases, the electric field around the off electrodes decreased to
0mm of ablation when the insulative sheath was included in the model.
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Figure 32. Multi-slices of variable voltages applied to alternating splines of the sheath-insulated flower
catheter tip configuration. A, alternating 1500V and 0V: side view. B, alternating 1500V and 0V: top view.
C, alternating 750V and 0V: side view. D, alternating 750V and 0V: top view.
The final variable voltage tests performed on the flower tip configuration were the “one on” and “one off”
scenarios, in which either only one spine is turned on or only one spline is turned off. Figure 33 displays
side and top views of the simulated ablation depths for setting five splines of the flower tip to 1500V and
turning a sheathed sixth off as well as for turning five sheathed splines off and a sixth to 1500V. As
displayed by part A and B in Figure 33, when only one spline was turned off, that off spline does not ablate
any surrounding tissue. In addition, when only one spline was turned on, only that on spline appeared to
be ablating surrounding tissue.
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Figure 33. Multi-slices of a different voltage applied to one spline of the sheath-insulated flower
catheter tip configuration. A, one 0V and all the rest 1500V: side view. B, one 0V and all the rest 1500V:
top view. C, one 1500V and all the rest 0V: side view. D, one 1500V and all the rest 0V: top view.
Sheathed Variable Voltage Discussion
As displayed by Figures 26, 28-30, and 32-33, ablation depth was most definitely variable around catheter
tip splines set to different voltages. Not only do the multi-slice figures from this section display varying
voltages at the tip, but they also prove the functionality and efficacy of the insulative sheaths. In all
sheathed variable simulations, all electrodes that were assigned 0V appear to cause very little, if any,
ablation into the surrounding heart tissue. The success of the insulative sheath was confirmed with the
data displayed in the line graphs of Figures 27 and 31. In both the balloon and flower tip configuration,
the ablation depth caused by the off electrodes remained at 0mm no matter the voltage applied to the
surrounding active splines. With the inclusion of the insulative sheaths, the project team was able to hit
the product specification defined in Table III that requires all inactive electrodes to cause less than 1mm
of ablation into the surrounding heart tissue.
With the engineering specification hit for inactive electrodes, the project team shifted focus back towards
how they were to increase the ablation depth caused by “on” splines in order to better hit the engineering
specification defined for active electrodes. After a bit of research, it was decided that the project team
would attempt to create a time-dependent COMSOL simulation, in which a pulse train would be assigned
to an electric potential.
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Time-Dependent Pulse Train COMSOL Study
After simulation and product specification analysis were conducted on the 3D model, the project team
spent time creating a time-dependent COMSOL model with the original 2D model. As mentioned in the
above discussion sections, a time-dependent study was used to apply a pulse train of electric potentials
to each active electrode (rather than just one strong, single pulse) in order to determine of the ablation
depth of the variable voltage simulations could be achieved. According to research done by Ren, et al.,
there is an increase in ablation depth with the addition of pulses. This is primarily due to an increase in
electrical conductivity of the tissue with increased electric field magnitude and temperature8. While the
electric field quickly dissipates from the tissue, the heating induced by the electric field remains, and since
the electrical conductivity increases with an increase in temperature, the next pulse of the electric field
will be able to penetrate deeper into the tissue creating a greater ablation depth. This phenomenon is
governed by Equation 1. σ0 is the initial conductivity of the tissue, A is the percent change in conductivity
due to the electric field, normE is the magnitude of the electric field, Edelta is the electric field strength
where conductivity changes, and Erange is the electric field range in which this transition occurs. Flc2hs is a
continuous Heaviside function that goes from 0 to 1 over Erange starting at Edelta. α is the percent change in
conductivity due to the change of temperature, T is temperature, and T0 is the initial temperature. This
equation was inserted for the electrical conductivity of the heart, and the values of the parameters used
are in Table XII8. Most of these parameters are based on experimental data, of which there is none for the
heart. As an approximation, experimental values for muscle were used.

[1]
To properly measure this effect, a time-dependent study was performed over 10 seconds. The pulse had
a magnitude ranging from 500-1500 V, a pulse width of 1.5 ms, and a frequency of 1 Hz. Since the
electrostatic approximation no longer holds, the simulation had to be moved over to the Electric Current
Physics, as it accounts for the propagation time of the electric field. Bioheat Transfer was also added and
coupled with the Electric Currents physics through the Electromagnetic Heating interface. The Bioheat
Transfer function utilizes the Pennes bioheat equation, Equation 2. k is the thermal conductivity, T is the
temperature, ωb is the blood perfusion rate, cb is the heat capacity of blood, Qm is the metabolic heat
generation, QJoule is Joule heating, p is tissue density and ct is the heat capacity of the tissue. Table XII
shows values for all constants not prefilled by COMSOL for the corresponding material8,9. Qm was set to
zero, since its effects are negligible in the short time frame compared to the electromagnetic heating.

[2]
The set boundary condition for the outermost boundaries was thermal insulation. The boundaries of one
active electrode were set as an electric potential with the previously specified pulse. The other electrode
was set as a ground. The initial conditions at all domains were 0V and 310.15K, or body temperature.
Current Conservation, Pennes Bioheat Equation, and Electromagnetic Heating were also applied to all
domains and boundaries.
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Table XII. Properties of Pennes Bioheat and Dynamic Conductivity Equations used in COMSOL simulations.
Parameter
Value
σ0
.202 S/m
A
1.5
Edelta
50000 V/m
Erange
30000 V/m
α
.02 1/K
ωb
.17 1/s
cb
4180
Time-Dependent Study Results
The pulse-train study was performed at 500V, 1000V, and 1500V. The contour plots, with the electric field
line where ablation occurs highlighted, are shown in Figure 34. The heart tissue to the left of the line will
be ablated. As the time increases, and thus the number of pulses increases, there is a significant increase
in ablation depth. The electric field also has a pronounced bulging in the center as the number of pulses
increases.
A
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C
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Figure 34. Contour Plot of Electric Field Magnitude for Pulsed 2D Simulations. Everything to the left of
electric field line at 4E4 is the ablation area around the catheter. The input voltage was at 1500V. A,
Electric Field during pulse 1. B, Electric Field during pulse 5. C, Electric Field during Pulse 10.
Ablation Depth over the number of pulses is shown in Figure 35. The initial ablation depths were 2.35mm,
3.71mm, and 4.78mm for the 500V, 1000V, and 1500V, respectively. This rose to 2.86mm, 4.65mm, and
6.79mm after ten pulses. The effect of the number of pulses on ablation depth leveled off at 2 pulses for
500V and 1000V and 7 pulses for 1500V.

Figure 35. Ablation Depth versus Number of Pulses with Input Voltages at 500V, 1000V, and 1500V.
Graph consists of data from the 2D pulsed COMSOL simulation. A 2D cut line was placed in the center of
the catheter spline and the voltage was measured along that line. The data was exported and analyzed
with Excel.
The temperature distribution after each pulse for each voltage trial is shown in Figure 36. At all voltages,
the heat exponentially declined as distance from the catheter increases. Each pulse also appeared to
linearly increase the temperature at the catheter from the pulse prior. For the 500V, 1000V, and 1500V
input cases temperature rose from 311 K to 334 K, 314K to 473K, and 322K to 1246K after ten pulses.
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Figure 36. Temperature versus Distance from Catheter after each pulse. Graph consists of data from the
2D pulsed COMSOL simulation. A 2D cut line was placed in the center of the catheter spline and the
temperature was measured along that line. The data was exported and analyzed with Excel. The input
voltages for the plots were A, 500V. B, 1000V. C, 1500V.

Time-Dependent Study Discussion
The addition of pulses and an electrical conductivity dependent on electric field magnitude and
temperature lead to an increase ablation depth, as shown in Figures 34 and 35. Ablation depth was
increased to 2.55mm for the 500V magnitude and 6.79 mm for the 1500V magnitude. 6.79mm would
ablate completely through some portions of the heart and lies outside of the 2-4mm specifications. This
increase in voltage does taper off after the first 2 pulses at low voltages and after 7 pulses for the higher
voltages. This was likely due to the heat from the lower voltages dissipating more quickly than those at
higher voltages.
The initial pulses in this study were also somewhere between 2 mm higher than the initial 3D studies. This
was likely because a change in electrical conductivity of the heart tissue was accounted for, which may
lead one to conclude that pulses are not required for proper ablation. However, the higher magnitude
voltages did lead to significant heating that could cause damage to the catheter components and the
surrounding heart tissue. To mitigate the heating while still hitting the 2-4mm ablation depth, the team
suggests utilizing a series of pulses at different magnitudes, with the initial pulse being at a higher
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magnitude, around 1000V, and successive pulses being at a much lower magnitude, around 500-750V.
This undesired heating could also be mitigated by changing the pulse width from 1.5ms to a number in
the nanosecond range; however, COMSOL could not handle pulses smaller than 1.5ms, so this scenario
was unable to be simulated by the project team.

ARDUINO User Interface
User Interface Bill of Materials
Displayed below in Table XIII is the Bill of Materials (BOM) for the Arduino user interface created by the
project team. Almost all materials necessary for the construction of the user interface were found on
amazon.com. The listed parts will be referenced in the following User Interface Setup Methods section.
Table XIII. Arduino User Interface Bill of Materials.
User Interface Bill of Materials
Product: Variable Pulse Electric Field Ablation Catheter (VPEFC)
Item #
Part #
Qty
Name
1
B0046AMGW0
1
Arduino MEGA 2560 REV 3
2
B01N9IP8LF
1
2.0 USB Cable type A/B
3
n/a
1
Arduino IDE
4
MB102-02
4
Breadboard
5
EBOOT-BULBS7
5mm Single Color LEDs
03
6
Corpco-x7
4 Pin DIP 6x6x6mm Tactile
6*6*6mmTacSwMomentary
10Pk
Push Button Switch
7

EL-CK-004
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220 Ohm Resistors

7

10 K ohm Resistors

12

10

100F5T-YT-RGBCA
PT-10K

11

C0048

1

12

B0018

1

13

KD-60Pin Header

1

4 Pin Common Cathode 5
mm RGD LED
10 K Ohm
Breadboard Trim
Potentiometer with Knob
16x2 Serial Character LCD 5V
Board Display
IIC/I2C Serial Interface
Adapter Module
Male-to-Male Breakaway Pin
Headers

14

BC-2045

1 roll

8
9

6

Solder

Date: 03/04/21
Source
Arduino / Amazon
Arduino
Arduino.cc
FTCBlock / Amazon
EBOOT / Amazon
Corporate Computer/ Amazon

ELEGOO / Amazon

CHANZON / Amazon
HELLOYEE / Amazon

Arducam / Arduino
Arducam / Amazon
Kulannder / Amazon

WYC Tin / Amazon
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15

B01L5UJ36U

~100

Male-to-Male Freeform
Jumper Wire

GenBasic / Amazon

16

AMA-18-580

~100

Male-to-Male Preformed
Jumper Wires

AUSTOR / Amazon

17

n/a

4

Female-to-Male Freeform
Jumper Wire

Donated to team

18

B00PUQMUUW

1

AC Power Adapter 12 V
Supply

HIPRO

Team member: Cami Dozois
Team member: Tyler Arias
Team member: Courtnee Madsen

Prepared by: Courtnee Madsen
Checked by: Tyler and Cami
Approved by:

User Interface Setup Methods
If the physical prototype were to have been constructed, the design introduced in this section would be
printed onto a custom circuit board with components of much smaller package sizes soldered on, both of
which would significantly decrease the size of the interface. Due to material access constraints as well as
for simplicity reasons, the user interface for this type of catheter was modeled using an Arduino MEGA
2560 (item 1 & 2) programmed using the Arduino Integrated Development Environment (item 3) Three
breadboards (item 4) were used to display all the aspects of the user controls, while an additional
breadboard was included later to test the ability of the system to deliver proper pulses. The entire control
panel user interface is displayed in Figure 37 below.

Figure 37. Control Panel User Interface.
The first input board, displayed in Figure 38, consisted of six light-emitting diodes (LEDs) (item 5) and six
corresponding push buttons (item 6). The LEDs are color coordinated to represent the six splines that each
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set of LED and push button correspond to. The splines were set to represent spline 1-6, from left to right.
Pressing a push button turns on the corresponding LED as well as signals the microprocessor to initiate
voltage delivery to the corresponding spline. Once a button is pressed, the LED remains on until the button
is pressed a second time, which signals to block the voltage delivery down the spline. All anodes of LEDs
used in this project were each paired with current-limiting resistors of 220 ohms (item 7). The push
buttons also had limiting resistors of 10 Kilo ohms (item 8). The Arduino code written for this project is
shown in appendix F.

Figure 38. Input Board 1. A, First half of the user input board in its initial state. In this state, no voltages
are applied to any of the splines once the delivery button is pressed, regardless of what the
potentiometers are set to. B, All buttons pressed once, indicating that all six splines are allowed to deliver
a voltage once the system is signaled to deliver them.
The second input board, shown in Figure 39, was constructed in a similar fashion to the first. There are six
sets of LEDs and physical controls, each of which corresponds to one of the six splines on the catheter.
However, instead of normal, 2-pin LEDs, this board uses 4-pin common cathode RGB LEDs (item 9)
controlled by 10 Kilo ohm potentiometers (item 10). These potentiometers are used to control the pulse
amplitudes for each spline.
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Figure 39. Input Board 2.
Because real power supplies could not be used for this project, the RGB LEDs were programmed to show
different ranges of voltages using various colors, as shown in Table XIV. The LEDs are either green, blue,
purple, or red depending on how far the potentiometer is turned and how high the voltages are set. Green
represents the lowest voltages, while red represents the highest voltage is to be applied to the
corresponding spline.
Table XIV. LED Color Representation of Voltages.
Potentiometer
Red Pin Green Pin Blue Pin
Value Range
State
State
State
<100
Low
Low
Low
100 to 330
Low
High
Low
330 to 560
Low
Low
High
560 to 890
High
Low
High
890 to 1023
High
Low
Low

Resulting LED Color
Off
Green
Blue
Purple
Red

Voltages (V)
0 V to 500 V
500 V to 750 V
750 V to 1000 V
1000 V to 1250 V
1250 V to 1500 V

The output test board, displayed in Figure 40, is made up of six RGB LEDs that correspond to splines 1-6
from left to right, similar to the other board portions. The purpose of this board is to test that correct
voltages are being delivered to each spline. Again, the RGBs were programmed to show the same colors
for certain voltage ranges, as done with the second input board.

Figure 40. Output Board.
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A 16x2 liquid crystal display (LCD) (item 11), displayed in Figure 41, was added to the system as a simplified
screen for the user to interact with and to better visualize settings selected. The initial state of the LCD
prompts the user to select voltages, which is done by setting the potentiometers on input board 2 to the
desired intensities. It also displays the splines that are selected on input board 2. For example, when the
button for spline 1 is pressed, the corresponding violet LED turns on and the LCD reads the value 1 after
the “Splines:” prompt on the second line. When the button is pressed a second time, the LED turns off
and the 1 disappears from the LCD screen. This LCD was initially wired in a 4-bit parallel mode. However,
an I2C backpack (item 12) was added to reduce the amount of board space used, components needed,
and reduce the number of digital pins needed on the Arduino. Male-to-male pin headers (item 13) were
soldered (item 14) onto the LCD console and the I2C backpack adapter in order to connect them to the
breadboard.

Figure 41. Liquid Crystal Display Features. A, Initial state of the LCD. B, Activated splines from input board
1. C, Splines down which pulses are being delivered. D, Output board displaying results when pulses are
delivered.
On the left side of the breadboard that holds the LCD and I2C adapter, there is also an additional push
button and LED set up. This button is the delivery button and is designed to be pressed when the user
wants to signal the application of all pre-set pulse configurations to the splines. Once this button is
pressed, a 2-pin flashing RGB LED becomes active while the LCD screen displays “Delivering Pulse”. This
LED shuts off once the LCD screen displays “Pulses Delivered” and the output board LEDs display the
delivered pulses.
A test case was set up to demonstrate the system’s capabilities and is displayed in Figure 42 below. This
test case was performed by configuring splines 1, 3, and 5 to be active. Splines 1 and 5 were set to the
green voltage range, splines 2 and 6 were set to blue, spline 3 to purple and spline 4 to red.
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Figure 42. LED Output Board Displaying Output Results of Catheter Tip.
Once the delivery button was pushed, the resulting outputs of the catheter configurations were displayed,
as shown in Figure 43. As expected, only LEDs 1,3, and 5 were indicated as the only voltages delivered to
their corresponding splines. The first LED of the output board was green, while the third LED was purple,
and the fifth LED was green. This verified that the board accurately signals the delivery of the voltage that
is set with the potentiometers on the second input board.

Figure 43. Test Case Configuration Output Board. LEDs 1 and 5 are green, representing the lowest voltage
range. LED 3 is purple, representing the third highest voltage range. And LEDs 2, 4, and 6 are off,
representing zero voltage delivered to those splines.

User Interface Specification Discussion
Overall, the output board verified that the splines can be set to have various voltages simultaneously,
independent of the setting for the other five splines. It also verified that the splines could be set to
different on/off statuses and the panel was able to deliver the proper voltages for all of the setting
statuses. The LCD display panel also functioned properly during testing. It correctly displayed the
active/inactive statuses of all the splines. The LCD also read the status of the pulses as it went from the
settings stage, to delivering the pulse, to the final stage of pulse delivery verification. Therefore, the
control panel prototype created and presented by the project team met all design specifications for the
user interface of the catheter.
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Detailed Catheter Design
Catheter CAD Model
Although building a physical catheter prototype was outside the scope of this project, the project team
still created a complete detailed design of the device and provided manufacturing recommendations for
said design. As mentioned previously, this section describes the optimization process for the mechanical
design of the pulsed electric field ablation catheter.
It was decided that for self-manufacturing, a senior project group should have a catheter tube mold
machined. All other key components of the catheter could be manufactured using materials bought from
a vendor.
In preparation for hypothetical manufacturing and prototype development, the initial conceptual CAD
sketch of the catheter tip was adjusted to better accommodate the dimensions of the materials that were
to be used for manufacturing the device. Major updates to the conceptual model included:
1. Catheter splines were hollowed out to allow for the insertion of electrical wiring through them.
2. Catheter splines were thickened to have an outer diameter of .55mm and inner diameter of
.50mm to accommodate for the 26-gauge wires that are to be inserted through each.
3. A guidewire insertion point with a diameter of .68mm and depth of .4mm was added to the
catheter tip spline cap. This insertion point would allow for easier and improved attachment of
the guidewire to the spline complex. The affiliation between guidewire and catheter spline
complex will be essential to the catheter tip’s ability to alter its configuration from a shape that
fits within the vasculature to a balloon shape, and finally, to a flower shape.
4. The bottom revolved feature of the CAD model was removed to produce a part with free splines
at the bottom. This adjustment was made because the splines were to be directly mated to the
catheter tubing CAD model that was eventually created.
Images of the final catheter tip CAD model are displayed in Figure 44 below. Detailed engineering drawings
displaying relevant dimensions for the catheter tip are displayed in Appendix F-i.
A

B
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C

D

Figure 44. CAD models of the final catheter tip. A, isometric view. B, right view. C, top view (showing
catheter spline cap). D, bottom view.
Images of the final catheter tip CAD model in the flower configuration are displayed in Figure 45 below.
This configuration would be created by slightly rotating the guidewire while pulling it towards the distal
end of the catheter tube. This would cause the splines to collapse on one another, creating a flower-shape
configuration that would provide physicians a different shape to work with in the heart.
A

C

B

D

Figure 45. CAD models of the Final Catheter Tip in the Flower Configuration. A, isometric view. B, right
view. C, top view. D, bottom view.
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The final design addition made to the catheter tip CAD model was the inclusion of insulative sheaths
around certain splines. Figure 46 below displays a few examples of the sheathed catheter tip models. The
idea is that the catheter could be manufactured in a way that would allow the physician to control and
adjust (via the catheter handle) which splines are sheathed and which are not during a procedure. As
demonstrated by the COMSOL simulation, the addition of this insulative sheath inhibited the electric fields
from the “on” electrodes from bleeding towards the “off” electrodes that were not meant to ablate any
cardiac tissue.
A

C

B

D

Figure 46. CAD models of the Final Sheathed Catheter Tip in Both Configurations. A, the balloon catheter
tip configuration with insulative sheaths around the three leftmost electrode splines. B, the balloon
catheter tip configuration with insulative sheaths around alternating electrode splines. C, the flower
catheter tip configuration with an insulative sheath around a single electrode spline. D, the flower
catheter tip configuration with insulative sheaths around all but one of its electrode splines.
When designing the catheter tube portion of this prototype, it was necessary to create two parts
representing different sections of the catheter: one that is connected directly to the handle and one that
is connected to the catheter tip. Two sections were required for the catheter tube because the portion of
the catheter tube closest to the tip must be able to deflect when refraction wires within the catheter tube
are pulled. To accommodate for ease of deflection, the lumen meant to hold the refraction wires was
designed to curve out towards the catheter edge once it gets close enough to the catheter tip. This would
allow easier deflection of the small portion of catheter tube closest to the tip. It would also help keep the
rest of the catheter tube from deflecting as easily. Images of the deflectable portion of the catheter tube
nearest the tip are displayed in Figure 47.
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A

B

C

Figure 47. CAD models of the deflectable portion of the catheter tube nearest the tip. A, front view (end
that will interface with the catheter handle). B, back view (end that will interface with the catheter tip).
C, isometric view.
Images of the portion of the catheter tube that will be nearest the catheter handle are displayed in Figure
48. Detained engineering drawings showing relevant dimensions for the catheter tube sections are
displayed in Appendices F-ii and F-iii.
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A

B

Figure 48. CAD images of the portion of the catheter tube that will interface with the catheter handle.
A, front and back view. B, isometric view.
An image of the entire catheter assembly is displayed in Figure 49. As explained previously, the catheter
tip was designed to come out at the shorter, deflectable portion of the catheter tube and would be
manufactured with the electrical wiring that runs through the catheter lumens. The deflectable portion is
displayed in teal while the remainder of the catheter is shown as a darker blue.
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Figure 49. CAD Assembly of the Entire Catheter System. The dark blue portion of the catheter tube
extends outside of the image and is cropped out to allow for better visualization of the catheter tip in
proportion to the catheter tube.

Catheter Design Specification Discussion
Because building an actual physical catheter prototype was outside the scope of the project, the project
team decided to verify and validate the defined physical engineering specs by analyzing whether or not
the CAD models created hit said specs. The first physical catheter spec outlined in Table III was that the
catheter should be bidirectional- the distal portion of the catheter should be able to deflect in two
directions (left and right). The catheter CAD model did hit this specification with two key features: 1) there
are two refraction wire lumens that allow the user to pull wires on either side of the catheter, causing it
to bend in both left and right directions, and 2) the refraction wire lumens curve outward within the
catheter tube about 100mm from the catheter spline tip (displayed in Appendix F-ii), which reduces the
amount of force needed to cause bidirectional deflection with the pull of refraction wires.
The second physical catheter spec outlined in Table III was the overall usable length of the catheter, which
should be 110±10cm. The total length of the catheter tube plus the catheter spline tip, in its balloon
configuration, is about 102cm (defined in Appendix F), which definitely fits within the length specification.
The third physical catheter spec was the maximum diameter of the catheter tube. In order to seamlessly
fit within the cardiovasculature of the human body, the tube diameter must stay within 3.7±.3mm. As
shown by the detailed engineering drawings in Appendix F, the catheter tube diameter was modeled to
have a diameter of 3.5mm, which adequately fits within the defined diameter specification.
The fourth engineering spec for the physical catheter was regarding the balloon tip diameter, which was
specified to stay within the range of 15±2mm. Clearly shown in Appendix F-i, the catheter tip has a
diameter of 14mm when in its balloon configuration, meaning it most definitely hits the specs defined in
Table III.
The final three physical catheter engineering specs that were verified with the catheter CAD model all
relate to the electrical components (i.e., electrodes and wiring) of the final catheter prototype. Table III
states that the catheter should allow for 6-8 electrical components, or wires, to pass through the catheter.
With its six symmetric lumens lining the outer edges of the tube, the catheter is designed to allow six
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different wires to be threaded through it. Therefore, the catheter design most definitely hits this spec.
The final two specifications for the physical catheter are that there are a total of 24±2 electrodes at the
tip and that each electrode is spaced 2±1mm apart. With four electrodes on each of the six splines, the
catheter CAD model adequately hits the spec depicting the necessary number of electrodes. As displayed
by the engineering drawings in Appendix F-i, the electrode spacing specification is also adequately hit, as
the insulating gap between electrodes is 2.03mm.
Overall, the project team’s final CAD model hit all physical catheter engineering specifications. Although
an actual physical catheter was not produced and used to verify these specs, the project team is confident
that with the right equipment, funds, and time, a catheter of this complexity could be manufactured to
meet all specifications defined in Table III.

Catheter Design Bill of Materials
A complete bill of materials for the manufacturing of a physical prototype is displayed as Table XV below.
Item numbers are referenced in the detailed Manufacturing Process Instructions (MPI) discussed in the
following Recommended Prototype Manufacturing Plans section.
Table XV. Manufacturing Bill of Materials.

Bill of Materials
Product: Variable Pulse Electric Field Ablation Catheter
(VPEFC)
Item #
Part #
Qty
Name
1
n/a
1
Catheter tube mold
2
n/a
1
Mold fixture
3
n/a
1
Catheter tube
4
39887
1 roll
.022 diam. steel wire
5
36157
1 roll
.026 diam. steel wire
6
BC-2045
1 roll
Solder
7
T-560-2
1 box
Spline insulation
8
8871K44
1 roll
26 Gauge Electrical
wire
9
B075DYVC3F
1 roll
Refraction wire
10
TBD
1
11
4136467-0118 1 tube
Team member: Cami Dozois
Team member: Tyler Arias
Team member: Courtnee Madsen

Date: 11/18/20
Material
Steel
Steel
00-50 Silicone
Stainless steel
Stainless steel
Sn-Pb (60-40)
Polyolefin
Copper

Source
Dave S.
Dave S.
Don / Amazon
McMaster-Carr
McMaster-Carr
WYC Tin / Amazon
TangyueW / Amazon
McMaster-Carr

Nylon

Pengxiaomei /
Amazon

Spline Cap
Silicone sealant
Silicone rubber
Amazon
Prepared by: Cami Dozois
Checked by: Tyler and Courtnee
Approved by:

The cost estimate for all prototype materials was about $643. The breakdown of cost for each
manufacturing material and labor cost can be viewed in the project budget displayed in Table V.
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Recommended Prototype Manufacturing Plans
The following prototype manufacturing plans describe the steps that were taken to try and create a
physical catheter prototype at the beginning of Winter Quarter. Due to limited facility and equipment
access, the manufacturing of this catheter was outside the scope of this project. Therefore, these
manufacturing plans are presented as documentation for later groups that attempt a similar project.
Constructing the catheter tube portion of the prototype consisted of running components down
adequately dimensioned lumens in a steel tube that was shaped and molded using machinery provided
by Dave, a local machine shop owner. The steel catheter tube mold (item #1) was modeled in MasterCam
using the dimensions of the project team’s SolidWorks catheter tube model. The steel mold fixture (item
#2) was dimensioned from the catheter tube mold. The mold fixture would be used to ensure that all
wires used to create lumens during casting are in line and adequately spread apart. Images of the mold
and mold fixture are displayed in Figure 50 below.
A

B

C
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Figure 50. Catheter tube stainless steel mold and fixture device. A, catheter tube mold with end caps
attached. B, catheter tube mold and end caps placed within the mold fixture device. C, catheter mold end
cap.*the eraser is shown as size reference for components.
To manufacture the catheter tube, the steps in the MPI listed below would be followed.
1. Insert stainless-steel wires (items #4 and #5) through one of the mold endcaps.
2. Mix the silicone release solution: Consists of 98 parts 70% IPA and 2 parts unscented dawn soap.
Dunk the wires and end cap into the mold release solution.
3. Run the steel wires through the steel tube mold.
4. Insert the other end of the steel wires through the other distal mold end cap. Leave space
between the end cap and the distal end of the steel rod to allow for injection of silicone.
5. Pour silicone (item #3) into the steel mold with steel wires inside.
6. Put the end cap in place, and pull the wires tight, secure them, and place the mold into the mold
fixture, ensuring that constant tension is being placed on the steel wires within the silicone.
7. Place the mold fixture and silicone-filled mold into the oven for three hours at 350 degrees
Fahrenheit allow the silicone to cure properly.
8. Remove the cured silicone catheter with mold-release aerosol spray.
9. Repeat steps 1-5 at least 6-8 times with the same mold and mold fixture. Multiple catheter
segments will be needed to create a catheter of the adequate length.
Once the catheter structure components are obtained, the other components would be added to
construct the assembly following the MPI listed below.
10. Run the fishing line refraction wire (item #9) through lumens 7 and 9, displayed in Figure 51,
down the length of each catheter segment.
11. Mount refraction wires to the distal end of the catheter by securing the fishing line with a knot.
12. Run guitar string down the central lumens of each catheter component (lumen 8 in Figure 51)
from proximal to distal end.
13. Mount distal end of guide wire to the spline cap using super glue.
14. Run 6 wires (one for each outer lumen) down each catheter component until they extend out of
the distal end. Make sure to leave enough poking out of the distal end to create the catheter tip
geometry (about 1.25 inches).
15. Attach all silicone catheter segments together using the multi-purpose silicone sealant (item #11),
ensuring that all wires remain correctly aligned.
16. Insulate the ends of each single-cored, 26-gauge copper wire (item #8) by applying heat-shrink
tubing insulation (item #7) at predetermined regions of the tip splines, leaving equally spaced
uncoated regions for electrodes.
17. Mount the distal ends of splines to the small spline cap (item #10) using super glue.
18. At the proximal end of the catheter, solder the electrical wires corresponding to each spline to
appropriate power jacks for the low voltage power supplies used to deliver various electrical
impulses across the electrodes.
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Figure 51. Diagram of Catheter Lumens. For use when following the Manufacturing Process Instructions
(MPI).

Recommended Physical Test Plans
If the project team were to prove the mechanical functionality of a physical catheter, the following
capabilities of the catheter would be tested.
1.
2.
3.
4.

Can it produce varying electrical voltages at the tip?
Can the tip bend bidirectionally? Repeatedly?
Can the tip change from a balloon to a flower configuration?
Can it maneuver easily through the venous tract as well as within the heart?

A summary of the design of experiment (DOE) and needed equipment for each recommended test can be
viewed in Table XI at the end of this section. A more in-depth description of each test and analysis can be
read about in the subsequent paragraphs.
To test the ability of the catheter to produce varying electrical pulses, several power generators and
multimeters would be used. First, the power generators would be hooked to wires protruding from the
proximal end of the catheter and the multimeters would be connected to the active electrodes at the
distal tip. The power generators would be turned on and the voltages measured at the tip would be
recorded. Since the electrical wave at the catheter tip will need to be variable during some procedures
and constant during others both, this functionality would also need to be tested. The first voltage test
would consist of sending the same voltage, somewhere around 1V, down all the wires. If the measured
electrode voltages were statistically the same, determined by a t-test, then it would be considered a
success. The second series of voltage tests would consist of sending the same voltage pulse down all but
one of the wires. This would be done repeatedly with every wire. This would be considered a success if
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the measured voltage was statistically different from the rest. The last series of tests would involve
running different voltages down all the wires, varying from .5V to 1.5V, and would be considered
successful if each electrode had a different measured voltage that corresponds to the voltage supplied.
For the catheter to move bidirectionally, the distal end of the catheter would be capable of bending to
both the left and right. This mechanism would be tested by first pulling on the refraction wires within the
device. A spring scale would be used to ensure a constant amount of force is applied to the refraction
wires during each test. Post-refraction, the displacement of the tip from its original position would be
measured. The tip would then be relaxed to its natural position and bent again multiple times, or around
the number of times this bending occurs during surgery. Each time the displacement of the tip would be
measured. The displacements of the tip would then be compared against each other. This would be done
by creating a scatter plot of the number of times the tip has been bent to the displacement of the tip to
identify any consistent trends. Ideally, there would be little deviations between cycles, which could be
proven with a t-test to show that the displacements are statistically the same. If displacements are the
not the same, the change in tip displacement over number of cycles would be noted and the surgeon
would be made aware.
The distal end of the catheter would also need to be deployed from its starting position to both a balloon
and flower configuration. This deployment would occur by pulling on the end of the guide wire once in
the heart. First, how far the guidewire needs to be pulled to get into each configuration would be
measured and the tip shape recorded with a picture. Once that is done, the tip would be returned to its
original state, and then redeployed multiple times. The amount of displacement required to change the
tip would be measured and the tip would be pictured after each deployment. The amount of displacement
required to change the tip configuration would then be compared over the number of cycles with a scatter
plot, and the pictures would be visually inspected to determine if any changes to the balloon or flower
shapes changed over time. Ideally there would be little to no variability in the balloon or flower shapes
over time, but if there were the number of cycles the tip can withstand before significant changes would
be noted.
Lastly, the maneuverability of the device would be tested. The maneuverability of the device could be
directly measured by the amount of time required to bring the catheter to the heart, the amount of time
to position the catheter at a target spot once inside the heart, and the number of tries required for a
surgeon to reach a target of interest. To test this, a cardiovascular system and heart would be replicated.
This would be done by 3D printing a heart model with a clear plastic, so the inside could be seen during
the pseudo “operation.” Pliable plastic tubing would be connected to the valves to mimic the veins. Then,
multiple users would run the catheter down the “veins” and the time required to do so would be
measured and recorded. The same users would attempt to place the catheter tip on a marked portion of
the heart. The time required to do so would be noted as well. How many times the catheter was placed
in the wrong place in the heart would be counted and documented as well. After these tests are complete,
the pliable tubing and heart would be inspected for damage to determine if the design could potentially
damage the heart or veins. The materials used to mimic the heart and cardiovascular system would not
be very similar to those found in human anatomy, but it is to be assumed that if the device harmed a
sturdy plastic, it would most definitely harm human tissue. The test would be considered a success if no
damage occurs to the model cardiovascular system, and if the time required to place the catheter in the
heart and place the tip at a specific portion of the heart is within the time noted by the engineering
specifications table (15 minutes and 10 minutes) respectively.
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Table XVI. Summary of Design of Experiment (DOE) for Each Physical Catheter Test.
Function Being
Equipment /
Sample
Experimental
Expected Outcome
Tested
Supplies Needed
Size
Groups
Voltages at
catheter tip

• Power
generator
• Multimeters

Uni: 20
Var: 20

All catheter tip
splines (voltage
at each spline
will be tested).

Var(2): 20

Bending of the
catheter tip

• Spring scale
• Ruler

1

Catheter tube.

Tip configuration
alteration

• Ruler and / or
calipers

1

Catheter tip.

Maneuverability
in the heart and
veins

• 3D-printed
cardiovascular
model
• Stopwatch

9

Catheter
assembly.

For uniform test: T-test
showing that voltages are
statistically similar.
For variable tests: T-test
showing that voltages are
statistically different.
For both tests: voltages sent
to electrodes closely match
measured voltages.
Insignificant deviations
between cycles. T-test
showing that displacements
are statistically similar.
No visual change to the
catheter tip after multiple
cycles.
No damage to the model
cardiovascular system.
Takes less than 15 minutes to
get device to heart.
Takes less than 10 minutes to
adequately place device once
in the heart.

Instructions for Use
The actual physical catheter should only be used by trained electrophysiology specialists. It is important
to note that a handle attachment at the end of the catheter tube would be necessary for the adjustment
of the catheter tube length and catheter tip shape, the utilization of the refraction wires, and the
retraction of the insulative sheaths. In general, the device should be inserted sterilely into the femoral
vein or artery. With the handle and its ability to pull the refraction wires, the catheter tube should be
advanced through the cardiovasculature until it reaches the right atrium through the inferior vena cava.
Once in the right atrium, the refraction wires should be pulled to bend the catheter tip towards the
diseased portion of the heart. Once positioned correctly, the guide wire should be pulled in or out to
deploy either the flower or balloon catheter tip configuration. The final preparation step before pulse
application was the deployment of the insulative sheaths over the necessary catheter splines. The specific
mechanism by which this deployment would be executed has not yet been defined, but the idea is that it
would have do with certain adjustments on the handle. When all preparation is complete, adequate pulse
settings for each spline should be set and the pulsed electric potentials should be applied until complete
ablation occurs. The means in which pulses would be applied can be better understood by the project
team’s Arduino user interface setup and instructions for use.

74

In order to set the pulse settings for this device, the user must interact with the control panel by first
setting the pulse amplitudes for each spline to be set to the proper voltages by turning the corresponding
potentiometers to the ideal values. The next step is to choose which splines to turn on before delivering
the round of pulses. This is done by pressing the momentary push buttons connected to each individual
spline. Once the properties have been properly set for the round of pulses, the user tells the panel to send
the voltages down the correct splines by hitting the delivery button. The LCD screen then displays the
pulses being delivered, once they have been delivered, and then prompts the user to select the settings
for the next round of pulses to be delivered.
For pulse settings it is important to be aware of the ablation depth ranges and heating that may occur at
a given magnitude, pulse width, and frequency. From the simulation results, it is recommended to use a
500V, 1.5ms pulse width, 1 Hz frequency pulse three times to achieve an ablation depth between 2-3mm.
For ablations between 3-4mm, it is recommended to start with a 1000V, 1.5ms pulse width, 1 Hz
frequency pulse with all successive pulses at 500V. No more than 10 pulses should be applied. ECG
readings and other imaging should be done during treatment to ensure proper ablation depth and to
allow the physician to make informed decisions when changing settings.

Conclusion
In conclusion, throughout the project term, team members were able to deliver a proof of concept for a
pulsed electric field ablation catheter with multiple electrodes that can deliver simultaneous variable
electric pulses. An instrument such as the one proposed in this paper would allow for safer cardiac
ablation, as it would not use direct thermal energy that could cause adverse effects on local tissue and
structures. The designed device would also provide variable, selective electrode pulse amplitudes and
widths to effectively target various tissue types and densities at the same time. This technique would
significantly reduce procedure time as well as decrease the likelihood of any adverse effects. Future
directions for this project include the actual manufacturing of the designed prototype as well as the
implementation of the time-dependent electric pulse train into a 3D COMSOL catheter simulation.
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Appendices
Appendix A – House of Quality
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Appendix B – Project Timeline
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Appendix C – Conjoint Analysis
Appendix C-i – Table with Factors and Levels
Factor
Catheter tip geometry
Control panel
Catheter handle

Level 1 (1)
Balloon
Switches
White

Level 2 (2)
Flower/Petals
Buttons
Blue

Appendix C-ii – Conjoint Cards List
Conjoint Cards:
A
B
C
D

Balloon tip, switches on control panel, white catheter handle
Balloon catheter tip, buttons on control panel, blue catheter handle
Flower/petals catheter tip, switches on control panel, blue catheter handle
Flower/petals catheter type, buttons on control panel, white catheter handle

Appendix C-iii – Raw Survey Data
Initials
SB
MM
AY
JG
AS
MJ
HE
EY
RH
J
JM
YF
SR
HC
JJ
NR
CA
G
JF
TU

Group #
1
6
7
7
6
2
2
4
8
3
6
8
8
1
1
3
1
7
4
3

A

B
3
2
1
4
1
1
2
2
2
1
1
1
2
3
2
4
2
3
4
2

C
1
1
3
2
3
2
1
4
1
4
3
2
4
4
1
3
1
1
3
1

D
4
3
2
3
2
3
3
1
3
3
2
3
3
1
4
1
4
4
2
4

2
4
4
1
4
4
4
3
4
2
4
4
1
2
3
2
3
2
1
3
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Appendix C-iiii – Excel Statistical Analysis
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Appendix D – Pugh Charts
Appendix D-i – Cami’s Pugh Charts
Issue

Weight Baseline: Concept 2

Concept 1

Concept 3

Manufacturability

30

0

1

Maneuverability

15

0

0

Specificity

25

-1

-1

Insulation Capabilities

30

0

-1

Total

0

-1

-1

Weighted Total

0

-25

-25

Issue

Weight Baseline: Concept 3

Concept 1

Concept 2

Manufacturability

30

1

-1

Maneuverability

15

-1

0

Specificity

25

-1

1

Insulation Capabilities

30

1

1

Total

0

0

1

Weighted Total

0

20

25

Appendix D-ii – Tyler’s Pugh Charts
Issue

Weight Concept 1

Concept 2

Concept 3

Manufacturability

30

0

1

Maneuverability

15

1

1

Specificity

25

1

0

Insulation Capabilities

30

1

-1

Baseline

Total

0

3

1

Weighted Total

0

70

15

Issue

Weight Concept 1

Concept 2

Concept 3

Manufacturability

30

0

Baseline

1

Maneuverability

15

-1

0

Specificity

25

1

-1

Insulation Capabilities

30

1

-1

Total

1

0

-1

Weighted Total

40

0

-25
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Issue

Weight Concept 1

Concept 2

Concept 3

Manufacturability

30

-1

-1

Baseline

Maneuverability

15

-1

0

Specificity

25

1

1

Insulation Capabilities

30

1

1

Total

0

1

0

Weighted Total

10

25

0

Appendix D-iii – Courtnee’s Pugh Charts
Issue

Weight

Concept 1

Concept 2

Concept 3

Manufacturability

30

Baseline

1

1

Maneuverability

15

1

1

Specificity

25

1

0

Insulation Capabilities

30

0

-1

Total

0

3

2

Weighted
Total

0

70

15

Issue

Weight

Concept 1

Concept 2

Concept 3

Manufacturability

30

-1

Baseline

1

Maneuverability

15

-1

0

Specificity

25

-1

-1

Insulation Capabilities

30

0

-1

Total

-3

0

-1

Weighted Total

-70

0

-25

Issue

Weight

Concept 1

Concept 2

Concept 3

Manufacturability

30

-1

-1

Baseline

Maneuverability

15

-1

0

Specificity

25

0

1

Insulation Capabilities

30

1

1

Total

-1

1

0

Weighted Total

-15

25

0
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Appendix E – COMSOL Electric Field Simulation Results for Unmentioned Cases.
Appendix E-i –Case 2

Appendix E-ii –Case 5
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Appendix E-iii –Case 6

Appendix E-iv–Case 9
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Appendix F– Arduino Code
int pinButton = 3;
int pinButton2 = 5;
int pinButton3 = 7;
int pinButton4 = 9;
int pinButton5 = 11;
int pinButton6 = 13;
int buttonState = 0;
int LED = 2;
int LED2 = 4;
int LED3 = 6;
int LED4 = 8;
int LED5 = 10;
int LED6 = 12;
int stateLED = LOW;
int stateButton;
int previous = LOW;
int stateLED2 = LOW;
int stateButton2;
int previous2 = LOW;
int stateLED3 = LOW;
int stateButton3;
int previous3 = LOW;
int stateLED4 = LOW;
int stateButton4;
int previous4 = LOW;
int stateLED5 = LOW;
int stateButton5;
int previous5 = LOW;
int stateLED6 = LOW;
int stateButton6;
int previous6 = LOW;
long time = 0;
long debounce = 200;
int wiperPin = A0;
int wiperPin2 = A1;
int wiperPin3 = A2;
int wiperPin4 = A3;
int wiperPin5 = A4;
int wiperPin6 = A5;
int knobValue = 0, redPin = 22, greenPin = 23, bluePin = 24;
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int knobValue2 = 0, redPin2 = 25, greenPin2 = 26, bluePin2 = 27;
int knobValue3 = 0, redPin3 = 28, greenPin3 = 29, bluePin3 = 30;
int knobValue4 = 0, redPin4 = 31, greenPin4 = 32, bluePin4 = 33;
int knobValue5 = 0, redPin5 = 34, greenPin5 = 35, bluePin5 = 36;
int knobValue6 = 0, redPin6 = 37, greenPin6 = 38, bluePin6 = 39;
int redPin7 = 40, greenPin7 = 41, bluePin7 = 42;
int redPin8 = 43, greenPin8 = 44, bluePin8 = 45;
int redPin9 = 46, greenPin9 = 47, bluePin9 = 48;
int redPin10 = 49, greenPin10 = 50, bluePin10 = 51;
int redPin11 = A13, greenPin11 = A14, bluePin11 = A15;
int redPin12 = A10, greenPin12 = A11, bluePin12 = A12;
#include <LiquidCrystal_I2C.h>
LiquidCrystal_I2C lcd(0x27, 16, 2);
void setup() {
pinMode(pinButton, INPUT);
pinMode(LED, OUTPUT);
pinMode(pinButton2, INPUT);
pinMode(LED2, OUTPUT);
pinMode(pinButton3, INPUT);
pinMode(LED3, OUTPUT);
pinMode(pinButton4, INPUT);
pinMode(LED4, OUTPUT);
pinMode(pinButton5, INPUT);
pinMode(LED5, OUTPUT);
pinMode(pinButton6, INPUT);
pinMode(LED6, OUTPUT);
pinMode(wiperPin, INPUT);
pinMode(redPin, OUTPUT);
pinMode(greenPin, OUTPUT);
pinMode(bluePin, OUTPUT);
pinMode(wiperPin2, INPUT);
pinMode(redPin2, OUTPUT);
pinMode(greenPin2, OUTPUT);
pinMode(bluePin2, OUTPUT);
pinMode(wiperPin3, INPUT);
pinMode(redPin3, OUTPUT);
pinMode(greenPin3, OUTPUT);
pinMode(bluePin3, OUTPUT);
pinMode(wiperPin4, INPUT);
pinMode(redPin4, OUTPUT);
pinMode(greenPin4, OUTPUT);
pinMode(bluePin4, OUTPUT);
pinMode(wiperPin5, INPUT);
pinMode(redPin5, OUTPUT);
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pinMode(greenPin5, OUTPUT);
pinMode(bluePin5, OUTPUT);
pinMode(wiperPin6, INPUT);
pinMode(redPin6, OUTPUT);
pinMode(greenPin6, OUTPUT);
pinMode(bluePin6, OUTPUT);
pinMode(redPin7, OUTPUT);
pinMode(greenPin7, OUTPUT);
pinMode(bluePin7, OUTPUT);
pinMode(redPin8, OUTPUT);
pinMode(greenPin8, OUTPUT);
pinMode(bluePin8, OUTPUT);
pinMode(redPin9, OUTPUT);
pinMode(greenPin9, OUTPUT);
pinMode(bluePin9, OUTPUT);
pinMode(redPin10, OUTPUT);
pinMode(greenPin10, OUTPUT);
pinMode(bluePin10, OUTPUT);
pinMode(redPin11, OUTPUT);
pinMode(greenPin11, OUTPUT);
pinMode(bluePin11, OUTPUT);
pinMode(redPin12, OUTPUT);
pinMode(greenPin12, OUTPUT);
pinMode(bluePin12, OUTPUT);
lcd.init();
lcd.backlight();
lcd.setCursor(0, 1);
lcd.print("Splines: ");
pinMode(53, INPUT);
pinMode(52, OUTPUT);
}
void loop() {
stateButton = digitalRead(pinButton);
if (stateButton == HIGH && previous == LOW && millis() - time > debounce) {
if (stateLED == HIGH) {
stateLED = LOW;
{ if (stateLED == LOW)
lcd.setCursor(14, 1);
lcd.print(" ");
}
} else {
stateLED = HIGH;
{ if (stateLED == HIGH)
lcd.setCursor(14, 1);
lcd.print("6");
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}
}
time = millis();
}
digitalWrite(LED, stateLED);
previous == stateButton;
stateButton2 = digitalRead(pinButton2);
if (stateButton2 == HIGH && previous2 == LOW && millis() - time > debounce) {
if (stateLED2 == HIGH) {
stateLED2 = LOW;
{ if (stateLED2 == LOW)
lcd.setCursor(13, 1);
lcd.print(" ");
}
} else {
stateLED2 = HIGH;
{ if (stateLED2 == HIGH)
lcd.setCursor(13, 1);
lcd.print("5");
}
}
time = millis();
}
digitalWrite(LED2, stateLED2);
previous == stateButton2;
stateButton3 = digitalRead(pinButton3);
if (stateButton3 == HIGH && previous3 == LOW && millis() - time > debounce) {
if (stateLED3 == HIGH) {
stateLED3 = LOW;
{ if (stateLED3 == LOW)
lcd.setCursor(12, 1);
lcd.print(" ");
}
} else {
stateLED3 = HIGH;
{ if (stateLED3 == HIGH)
lcd.setCursor(12, 1);
lcd.print("4");
}
}
time = millis();
}
digitalWrite(LED3, stateLED3);
previous == stateButton3;
stateButton4 = digitalRead(pinButton4);
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if (stateButton4 == HIGH && previous4 == LOW && millis() - time > debounce) {
if (stateLED4 == HIGH) {
stateLED4 = LOW;
{ if (stateLED4 == LOW)
lcd.setCursor(11, 1);
lcd.print(" ");
}
} else {
stateLED4 = HIGH;
{ if (stateLED4 == HIGH)
lcd.setCursor(11, 1);
lcd.print("3");
}
}
time = millis();
}
digitalWrite(LED4, stateLED4);
previous == stateButton4;
stateButton5 = digitalRead(pinButton5);
if (stateButton5 == HIGH && previous5 == LOW && millis() - time > debounce) {
if (stateLED5 == HIGH) {
stateLED5 = LOW;
{ if (stateLED5 == LOW)
lcd.setCursor(10, 1);
lcd.print(" ");
}
} else {
stateLED5 = HIGH;
{ if (stateLED5 == HIGH)
lcd.setCursor(10, 1);
lcd.print("2");
}
}
time = millis();
}
digitalWrite(LED5, stateLED5);
previous == stateButton5;
stateButton6 = digitalRead(pinButton6);
if (stateButton6 == HIGH && previous6 == LOW && millis() - time > debounce) {
if (stateLED6 == HIGH) {
stateLED6 = LOW;
{ if (stateLED6 == LOW)
lcd.setCursor(9, 1);
lcd.print(" ");
}
} else {
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stateLED6 = HIGH;
{ if (stateLED6 == HIGH)
lcd.setCursor(9, 1);
lcd.print("1");
}
}
time = millis();
}
digitalWrite(LED6, stateLED6);
previous == stateButton6;
knobValue = analogRead(A0);
if (knobValue < 100) {
digitalWrite(redPin, LOW);
digitalWrite(greenPin, LOW);
digitalWrite(bluePin, LOW);
}
else if (knobValue > 100 && knobValue < 400) {
digitalWrite(redPin, LOW);
digitalWrite(greenPin, HIGH);
digitalWrite(bluePin, LOW);
}
else if (knobValue > 400 && knobValue < 650) {
digitalWrite(redPin, LOW);
digitalWrite(greenPin, LOW);
digitalWrite(bluePin, HIGH);
}
else if (knobValue > 650 && knobValue < 950) {
digitalWrite(redPin, HIGH);
digitalWrite(greenPin, LOW);
digitalWrite(bluePin, HIGH);
}
else {
digitalWrite(redPin, HIGH);
digitalWrite(greenPin, LOW);
digitalWrite(bluePin, LOW);
}
knobValue2 = analogRead(A1);
if (knobValue2 < 100) {
digitalWrite(redPin2, LOW);
digitalWrite(greenPin2, LOW);
digitalWrite(bluePin2, LOW);
}
else if (knobValue2 > 100 && knobValue2 < 400) {
digitalWrite(redPin2, LOW);
digitalWrite(greenPin2, HIGH);
digitalWrite(bluePin2, LOW);
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}
else if (knobValue2 > 400 && knobValue2 < 650) {
digitalWrite(redPin2, LOW);
digitalWrite(greenPin2, LOW);
digitalWrite(bluePin2, HIGH);
}
else if (knobValue2 > 650 && knobValue2 < 950) {
digitalWrite(redPin2, HIGH);
digitalWrite(greenPin2, LOW);
digitalWrite(bluePin2, HIGH);
}
else {
digitalWrite(redPin2, HIGH);
digitalWrite(greenPin2, LOW);
digitalWrite(bluePin2, LOW);
}
knobValue3 = analogRead(A2);
if (knobValue3 < 100) {
digitalWrite(redPin3, LOW);
digitalWrite(greenPin3, LOW);
digitalWrite(bluePin3, LOW);
}
else if (knobValue3 > 100 && knobValue3 < 400) {
digitalWrite(redPin3, LOW);
digitalWrite(greenPin3, HIGH);
digitalWrite(bluePin3, LOW);
}
else if (knobValue3 > 400 && knobValue3 < 650) {
digitalWrite(redPin3, LOW);
digitalWrite(greenPin3, LOW);
digitalWrite(bluePin3, HIGH);
}
else if (knobValue3 > 650 && knobValue3 < 950) {
digitalWrite(redPin3, HIGH);
digitalWrite(greenPin3, LOW);
digitalWrite(bluePin3, HIGH);
}
else {
digitalWrite(redPin3, HIGH);
digitalWrite(greenPin3, LOW);
digitalWrite(bluePin3, LOW);
}
knobValue4 = analogRead(A3);
if (knobValue4 < 100) {
digitalWrite(redPin4, LOW);
digitalWrite(greenPin4, LOW);
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digitalWrite(bluePin4, LOW);
}
else if (knobValue4 > 100 && knobValue4 < 400) {
digitalWrite(redPin4, LOW);
digitalWrite(greenPin4, HIGH);
digitalWrite(bluePin4, LOW);
}
else if (knobValue4 > 400 && knobValue4 < 650) {
digitalWrite(redPin4, LOW);
digitalWrite(greenPin4, LOW);
digitalWrite(bluePin4, HIGH);
}
else if (knobValue4 > 650 && knobValue4 < 800) {
digitalWrite(redPin4, HIGH);
digitalWrite(greenPin4, LOW);
digitalWrite(bluePin4, HIGH);
}
else {
digitalWrite(redPin4, HIGH);
digitalWrite(greenPin4, LOW);
digitalWrite(bluePin4, LOW);
}
knobValue5 = analogRead(A4);
if (knobValue5 < 100) {
digitalWrite(redPin5, LOW);
digitalWrite(greenPin5, LOW);
digitalWrite(bluePin5, LOW);
}
else if (knobValue5 > 100 && knobValue5 < 400) {
digitalWrite(redPin5, LOW);
digitalWrite(greenPin5, HIGH);
digitalWrite(bluePin5, LOW);
}
else if (knobValue5 > 400 && knobValue5 < 650) {
digitalWrite(redPin5, LOW);
digitalWrite(greenPin5, LOW);
digitalWrite(bluePin5, HIGH);
}
else if (knobValue5 > 650 && knobValue5 < 800) {
digitalWrite(redPin5, HIGH);
digitalWrite(greenPin5, LOW);
digitalWrite(bluePin5, HIGH);
}
else {
digitalWrite(redPin5, HIGH);
digitalWrite(greenPin5, LOW);
digitalWrite(bluePin5, LOW);
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}
knobValue6 = analogRead(A5);
if (knobValue6 < 100) {
digitalWrite(redPin6, LOW);
digitalWrite(greenPin6, LOW);
digitalWrite(bluePin6, LOW);
}
else if (knobValue6 > 100 && knobValue6 < 400) {
digitalWrite(redPin6, LOW);
digitalWrite(greenPin6, HIGH);
digitalWrite(bluePin6, LOW);
}
else if (knobValue6 > 400 && knobValue6 < 650) {
digitalWrite(redPin6, LOW);
digitalWrite(greenPin6, LOW);
digitalWrite(bluePin6, HIGH);
}
else if (knobValue6 > 650 && knobValue6 < 800) {
digitalWrite(redPin6, HIGH);
digitalWrite(greenPin6, LOW);
digitalWrite(bluePin6, HIGH);
}
else {
digitalWrite(redPin6, HIGH);
digitalWrite(greenPin6, LOW);
digitalWrite(bluePin6, LOW);
}
{
buttonState = digitalRead(53);
if (buttonState == HIGH)
{
digitalWrite(52, HIGH);
lcd.setCursor(0, 0);
lcd.print("Delivering Pulse");
delay(3000);
digitalWrite(52, LOW);
lcd.setCursor(0, 0);
lcd.print("Pulses Delivered");
if (stateLED == HIGH) {
knobValue = analogRead(A0);
if (knobValue < 100) {
digitalWrite(redPin7, LOW);
digitalWrite(greenPin7, LOW);
digitalWrite(bluePin7, LOW);
}
else if (knobValue > 100 && knobValue < 400) {
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digitalWrite(redPin7, LOW);
digitalWrite(greenPin7, HIGH);
digitalWrite(bluePin7, LOW);
}
else if (knobValue > 400 && knobValue < 650) {
digitalWrite(redPin7, HIGH);
digitalWrite(greenPin7, LOW);
digitalWrite(bluePin7, LOW);
}
else if (knobValue > 650 && knobValue < 950) {
digitalWrite(redPin7, HIGH);
digitalWrite(greenPin7, LOW);
digitalWrite(bluePin7, HIGH);
}
else {
digitalWrite(redPin7, LOW);
digitalWrite(greenPin7, LOW);
digitalWrite(bluePin7, HIGH);
}
}
if (stateLED2 == HIGH) {
knobValue2 = analogRead(A1);
if (knobValue2 < 100) {
digitalWrite(redPin8, LOW);
digitalWrite(greenPin8, LOW);
digitalWrite(bluePin8, LOW);
}
else if (knobValue2 > 100 && knobValue2 < 400) {
digitalWrite(redPin8, LOW);
digitalWrite(greenPin8, HIGH);
digitalWrite(bluePin8, LOW);
}
else if (knobValue2 > 400 && knobValue2 < 650) {
digitalWrite(redPin8, HIGH);
digitalWrite(greenPin8, LOW);
digitalWrite(bluePin8, LOW);
}
else if (knobValue2 > 650 && knobValue2 < 950) {
digitalWrite(redPin8, HIGH);
digitalWrite(greenPin8, LOW);
digitalWrite(bluePin8, HIGH);
}
else {
digitalWrite(redPin8, LOW);
digitalWrite(greenPin8, LOW);
digitalWrite(bluePin8, HIGH);
}
}
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if (stateLED3 == HIGH) {
knobValue3 = analogRead(A2);
if (knobValue3 < 100) {
digitalWrite(redPin9, LOW);
digitalWrite(greenPin9, LOW);
digitalWrite(bluePin9, LOW);
}
else if (knobValue3 > 100 && knobValue3 < 400) {
digitalWrite(redPin9, LOW);
digitalWrite(greenPin9, HIGH);
digitalWrite(bluePin9, LOW);
}
else if (knobValue3 > 400 && knobValue3 < 650) {
digitalWrite(redPin9, HIGH);
digitalWrite(greenPin9, LOW);
digitalWrite(bluePin9, LOW);
}
else if (knobValue3 > 650 && knobValue3 < 950) {
digitalWrite(redPin9, HIGH);
digitalWrite(greenPin9, LOW);
digitalWrite(bluePin9, HIGH);
}
else {
digitalWrite(redPin9, LOW);
digitalWrite(greenPin9, LOW);
digitalWrite(bluePin9, HIGH);
}
}
if (stateLED4 == HIGH) {
knobValue4 = analogRead(A3);
if (knobValue4 < 100) {
digitalWrite(redPin10, LOW);
digitalWrite(greenPin10, LOW);
digitalWrite(bluePin10, LOW);
}
else if (knobValue4 > 100 && knobValue4 < 400) {
digitalWrite(redPin10, LOW);
digitalWrite(greenPin10, HIGH);
digitalWrite(bluePin10, LOW);
}
else if (knobValue4 > 400 && knobValue4 < 650) {
digitalWrite(redPin10, HIGH);
digitalWrite(greenPin10, LOW);
digitalWrite(bluePin10, LOW);
}
else if (knobValue4 > 650 && knobValue4 < 950) {
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digitalWrite(redPin10, HIGH);
digitalWrite(greenPin10, LOW);
digitalWrite(bluePin10, HIGH);
}
else {
digitalWrite(redPin10, LOW);
digitalWrite(greenPin10, LOW);
digitalWrite(bluePin10, HIGH);
}
}
if (stateLED5 == HIGH) {
knobValue5 = analogRead(A4);
if (knobValue5 < 100) {
digitalWrite(redPin11, LOW);
digitalWrite(greenPin11, LOW);
digitalWrite(bluePin11, LOW);
}
else if (knobValue5 > 100 && knobValue5 < 400) {
digitalWrite(redPin11, LOW);
digitalWrite(greenPin11, HIGH);
digitalWrite(bluePin11, LOW);
}
else if (knobValue5 > 400 && knobValue5 < 650) {
digitalWrite(redPin11, LOW);
digitalWrite(greenPin11, LOW);
digitalWrite(bluePin11, HIGH);
}
else if (knobValue5 > 650 && knobValue5 < 950) {
digitalWrite(redPin11, HIGH);
digitalWrite(greenPin11, LOW);
digitalWrite(bluePin11, HIGH);
}
else {
digitalWrite(redPin11, HIGH);
digitalWrite(greenPin11, LOW);
digitalWrite(bluePin11, LOW);
}
}
if (stateLED6 == HIGH) {
knobValue6 = analogRead(A5);
if (knobValue6 < 100) {
digitalWrite(redPin12, LOW);
digitalWrite(greenPin12, LOW);
digitalWrite(bluePin12, LOW);
}
else if (knobValue6 > 100 && knobValue6 < 400) {
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digitalWrite(redPin12, LOW);
digitalWrite(greenPin12, HIGH);
digitalWrite(bluePin12, LOW);
}
else if (knobValue6 > 400 && knobValue6 < 650) {
digitalWrite(redPin12, LOW);
digitalWrite(greenPin12, LOW);
digitalWrite(bluePin12, HIGH);
}
else if (knobValue6 > 650 && knobValue6 < 950) {
digitalWrite(redPin12, HIGH);
digitalWrite(greenPin12, LOW);
digitalWrite(bluePin12, HIGH);
}
else {
digitalWrite(redPin12, HIGH);
digitalWrite(greenPin12, LOW);
digitalWrite(bluePin12, LOW);
}
}
delay(9000);
digitalWrite(redPin7, LOW);
digitalWrite(greenPin7, LOW);
digitalWrite(bluePin7, LOW);
digitalWrite(redPin8, LOW);
digitalWrite(greenPin8, LOW);
digitalWrite(bluePin8, LOW);
digitalWrite(redPin9, LOW);
digitalWrite(greenPin9, LOW);
digitalWrite(bluePin9, LOW);
digitalWrite(redPin10, LOW);
digitalWrite(greenPin10, LOW);
digitalWrite(bluePin10, LOW);
digitalWrite(redPin11, LOW);
digitalWrite(greenPin11, LOW);
digitalWrite(bluePin11, LOW);
digitalWrite(redPin12, LOW);
digitalWrite(greenPin12, LOW);
digitalWrite(bluePin12, LOW);
} else
{
digitalWrite(52, LOW);
lcd.setCursor(0, 0);
lcd.print("Select Voltages ");
}
}
}
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Appendix G– Detailed Engineering Drawings
Appendix G-i – Catheter Tip
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Appendix G-ii – Catheter Tube near tip

Appendix G-iii – Catheter Tube connected to handle

99

